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Remarks: 

Claims: 

By the present amendment, claims 61-67 have been amended to more particularly and 
distinctly define the invention. The number of total claims and of independent claims remains 
less than the amount for which fees were previously paid. 

Claims 61 and 65 have been amended to comport with the restriction requirement of 
Paper No. 8. 

Support for the amendments is either apparent, or is as described below. Support for 
"recombinant polypeptide" can be found, for example, at page 4, line 2; at page 8, line 27 
through page 9, line 2; and at page 18, lines 19-21. No new matter is added. 

Reconsideration of the rejections is respectfully requested. 



Claim Rejection - 35 U.S.C. § 102(b) - Bartos et al 

Claims 61-64 stand rejected under 35 U.S.C. §102(b) based on an assertion that the 

claims are anticipated by Bartos et al. (J. Infec. Dis., 158, 1988, pp 761-765). In particular the 

Examiner asserted: 

Bartos et al disclose an isolated polypeptide comprising member 
selected from outer membrane proteins i.e., OMP fi^om whole cell 
lysate ATCC strain and other clinical isolates of M. catarrhalis 
(page 762, left and figure 1). AppHcant's use of the open-ended 
term "comprising" and "fi-agments in the claims fails to exclude 
unrecited steps or ingredients and leaves the claims open for 
inclusion of unspecified ingredients, even in major amounts. 
Therefore, the claims read on the disclosed isolated polypeptide, 
OMP fi'om M. catarrhalis. The isolated OMP from M. catarrhalis 
inherently comprise the amino acid sequence as set forth in the 
SEQ E) N0:2 or 4 and firagments of SEQ ID N0:2 or 4 See In re 
Horvitz, 168 F.2d 522, 78 U.S.P.Q. 79 (C.C.P.A. 1948) and Ex 
parte Davis et al., 80 U.S.P.Q. 448 (PTO d. App. 1948). In the 
absence of evidence to the contrary the disclosed prior art outer 
membrane protein read on the claimed isolated polypeptide. Since 
the Office does not have the facilities for examining and 
comparing appHcants' claimed isolated polypeptide comprising 
SEQ ID NO: 2 with the polypeptide of the prior art, the burden is 
on applicant to show a novel or unobvious difference between the 
claimed product and the product of the prior art. See In re Best, 
562 F.2d 1252, 195 USPQ 430 (CCPA 1977) and In re Fitzgerald 
et al., 205 U.S.P.Q. 594. 
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Without conceding the correctness of the rejection, Applicant has amended the claims to 
more particularly and distinctly claim the subject matter of his invention. It is submitted that the 
amended claims recite an isolated, recombinant polypeptide. The claimed isolate is not disclosed 
or suggested by the OMP preparations described in Bartos et al. Reconsideration and withdrawal 
of the rejection is respectfully requested. 

Claim Rejection - 35 U.S.C $102{b) - Bartos et al 

Claims 61-64 and 66-68 stand rejected under 35 U.S.C. §102(b) based on an assertion 
that the claims are anticipated by Helminen et al. (J. Infec. Dis., 170, 1994, pp 867-872). In 
particular the Examiner asserted: 

Hehnininen et al, 1994 disclose outer membrane proteins i.e., 
OMP's prepared from M.catarrhalis cells by EDTA buffer method. 
Monoclonal antibodies were produced by immunizing mice (page 
868, left column under production of Mabs) with OMPs. 
Applicant's use of the open-ended term "comprising" in claim 61 
fails to exclude unrecited steps or ingredients and leaves the claims 
open for inclusion of unspecified ingredients, even in major 
amounts. Therefore, the claims read on the disclosed isolated 
polypeptide, OMPs from M.catarrhahs. As OMPs comprise many 
proteins together it would read on fusion protein comprising said 
peptides and one other Moraxella antigen. Since monoclonal 
antibodies were raised against OMPS by immunizing the mice 
with OMPs in a buffer, the examiner considers the OMPs in a 
buffer as an immunogenic composition comprising said 
polypeptide in a pharmaceutically acceptable carrier. Therefore in 
the absence of evidence to the contrary the disclosed prior art 
OMPs read on the claimed invention. See In re Horvitz, 168 F.2d 
522, 78 U.S.P.Q. 79 (C.C.P.A. 1948) and Ex parte Davis et al, 80 
U.S.P.Q. 448 (PTO d. App. 1948). Since the Office does not have 
the facilities for examining and comparing applicants' claimed 
isolated polypeptide comprising SEQ ID N0:2 with the OMPs of 
the prior art, the burden is on applicant to show a novel or 
unobvious difference between the claimed product and the product 
of the prior art. See In re Best, 562 F.2d 1252, 195 USPQ 430 
(CCPA 1977) and In re Fitzgerald et al., 205 U.S.P.Q. 594. 
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Without conceding the correctness of the rejection, AppUcant has amended the claims to 
more particularly and distinctly claim the subject matter of his invention. It is submitted that the 
amended claims recite an isolated, recombinant polypeptide. The claimed isolate is not disclosed 
or suggested by the OMP preparations described in Helminen et al. 

Moreover, Applicant notes that a later published paper, Aebi et al. (Infect. Immun. 65, 
4367-4377) concurrently submitted as Exhibit A discloses the deduced amino acid sequences for 
the UspAl and UspA2 genes. The two disclosed proteins are said to be reactive to the 
monoclonal antibody disclosed in Helminen et al. The proteins have accession numbers 
AAB96359 (UspAl) and AAB96391 (UspA2), and PubMed Sequence Viewer printouts are 
submitted as Exhibit B. Applicant submits that the disclosed sequences have no significant 
similarity to the claimed SEQ ID N0:2. 

Accordingly, reconsideration and withdrawal of the rejection under 35 U.S.C. § 102(b) is 
respectfully requested. 

Amendments to the Specification: 

Entry of the amendments at page 4 (and the accompanying heading) and at page 67 into 
the specification is respectfully requested. The amendments to the specification are made to 
bring the specification in conformance with MPEP 608.01(a). Support for the amendments to 
page 4 can be found in the drawings as originally filed. No new matter is added. 

Amendments to the Drawing Figures: 

Replacement of the figures of record in the application with the concurrently filed 
replacement figures is respectfully requested. The figures have been amended to comply with 37 
CFR 1.84. No new matter has been added. 

Figures 1-8 have been amended to remove the title text, the description of which have 
been inserted in the Brief Description of the Drawings (see above). Figure 1 has been relabeled 
as Figures 1 A-IL. Figure 2 has been relabeled as Figures 2A-2G. Figure 3 has been relabeled as 
Figure 3A-3C. Figure 7 has been relabled as Figures 7A-7B. 

Information Disclosure Statement: 
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Applicant has concurrently filed an Information Disclosure Statement (IDS) listing the 
references cited in the International Search Report for PCT/EP99/03822 on a PTO-1449 form. It 
is noted that copies of the references have been received by the Office as indicated on the PTO 
Form entitled, 'TS[otice of Acceptance of Apphcation under 35 U.S.C. 371 and 37 CFR 1.494 or 
1.495". It is respectfully requested that the listed references be included in the "References 
Cited" portion of any patent issuing fi-om this application. 



Fee Deficiency 

If an extension of time is deemed required for consideration of this paper, please consider 
this paper to comprise a petition for such an extension of time; The Commissioner is 
hereby authorized to charge the fee for any such extension to Deposit Account No. 50- 
0258. 

and/or 

If any additional fee is required for consideration of this paper, please charge Account 
No. 50-0258. 



Closing Remarks 

Applicant thanks the Examiner for the Office Action and believe this response to be a fiill 
and complete response to such Office Action. Accordingly, favorable reconsideration in view of 
this response and allowance of the pending claims are earnestly solicited. 



Respectfiilly submitted, 




Registration No. 42,876 
for 



Allen Bloom 
Registration No. 29,135 
Attomey for Applicant 

DECHERT LLP 

A Pennsylvania Limited Liability Partnership 
Princeton Pike Corporate Center 
PO Box 5218 

Princeton, New Jersey 08543-5218 
Phone: (609) 620-3248 
Fax: (609) 620-3259 
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The high-molecular-weight UspA protein of Moraxella catarrlialis has been described as being both present 
on the surface of all M, catarrhalis disease isolates examined to date and a target for a monoclonal antibody 
(MAb 17C7) which enhanced pulmonary clearance of this organism in a mouse model system (M, E. Helminen 
et al., J. Infect. Dis. 170:867-^72, 1994). A recombinant bacteriophage that formed plaques which bound MAb 
17C7 was shown to contain a M. catarrhalis gene, designated uspAl^ that encoded a protein with a calculated 
molecular weight of 88,271. Characterization of an isogenic tispAl mutant revealed that elimination of expres- 
sion of UspAl did not eliminate the reactivity of M. catarrhalis with MAb 17C7. In addition, N*terminal amino 
acid analysis of internal peptides derived from native UspA protein and Southern blot analysis of M. catarrhalis 
chromosomal DNA suggested the existence of a second UspA-like protein. A combination of epitope mapping 
and ligation-based PCR methods identified a second Af. catarrhalis gene, designated uspA2, which also encoded 
the MAb 17C7-reactive epitope. The UspA2 protein had a calculated molecular weight of 62,483. Both the 
isogenic uspAl mutant and an isogenic tiSpA2 mutant possessed the ability to express a very-high-molecular- 
weight antigen that bound MAb 17C7. Southern blot analysis indicated that disease isolates of M. catarrhalis 
likely possess both uspAl and uspA2 genes. Both UspAl and UspA2 most closely resembled adhesins produced 
by other bacterial pathogens. 



The three most important causes of acute otitis media are 
Streptococcus pneumoniae, nontypeable Haemophilus influen- 
zae, and Moraxella catarrhalis. S. pneumoniae, the most preva- 
lent cause of middle ear disease, is responsible for at least 30% 
of these infections (15), whereas M catarrhalis and nontype- 
able H. influenzae each account for approximately 15 to 26% of 
middle ear infections (5, 6, 36, 51, 57, 67). While the patho- 
genic potential of nontypeable H. influenzae strains has been 
recognized for some time (45), only recently has M. catarrhalis 
emerged as a significant cause of respiratory tract disease (6). 
Formerly named both Branhamella catarrhalis and Neisseria 
catarrhalis, this organism was long considered a nonpatho- 
genic, commensal inhabitant of the upper respiratory tract (6). 
It is now accepted that M. catarrhalis is an important cause of 
otitis media in children. In fact, in a recent report, M. catarrha- 
lis DNA could be detected by PCR in middle ear effusions 
from 46% of patients with chronic otitis media with effusion 
(51). M. catarrhalis also causes lower respiratory tract disease, 
including acute bronchitis and exacerbation of chronic bron- 
chitis in adults, especially those with compromised respiratory 
function (23. 44, 49, 68). 

The recent recognition of M catarrhalis as an important 
pathogen in both the upper and lower respiratory tracts has 
resulted in increased interest in both its interactions with the 
human host (11-14, 17-19, 29, 35) and its antigenic composi- 
tion. Outer membrane proteins constitute major antigenic de- 
terminants of this unencapsulated organism (3), and different 
strains share remarkably similar outer membrane protein pro- 
files (3, 46). At least three different surface-exposed outer 
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membrane antigens have been shown to be well conserved 
among M. catarrhalis strains; these include the 81-kDa CopB 
outer membrane protein (26), the heat-modifiable CD outer 
membrane protein (30, 47), and the very-high-molecular- 
weight UspA protein (27). Of these three antigens, both the 
CopB and UspA proteins have been shown to bind antibodies 
which exert biological activity (i.e., protection) against M. ca- 
tarrhalis in an animal model (27, 47). 

Previous studies revealed that at least one epitope of the 
UspA protein is exposed on the surface of all disease isolates 
of M. catarrhalis tested to date; this epitope is defined by its 
reactivity with the protective monoclonal antibody (MAb) 
17C7 (27). The UspA protein of Af. catarrhalis Q35E migrates 
with an apparent molecular weight of at least 250,000, and the 
UspA proteins of other M catarrhalis strains appear to be even 
larger (27, 34). In the present study, a M. catarrhalis strain 
035 E gene encoding a MAb 17C7-reactive protein was shown 
to encode an 88-kDa protein, designated UspAl, that con- 
tained a number of amino acid repeat motifs. Mutant analysis 
revealed that inactivation of the expression of the uspAl gene 
did not eliminate the reactivity of M, catarrhalis 035E with 
MAb 17C7. A combination of epitope mapping and PCR tech- 
nology was used to identify a second M. catarrhalis gene en- 
coding a 62-kDa protein, designated UspA2, which also con- 
tained the MAb 17C7-reactive epitope. 

MATERIALS AND METHODS 

Bacterial strains and culture conditions. Af. catarrhalis 035 E, TTA24, and P44 
have been described previously (26, 27, 65). A/, catarrhalis TTAI and TTA37 
were obtained from transtracheal aspirates and provided by Steven Berk, East 
Tennessee State University, Johnson City. M. catarrhalis 25240 was obtained 
from the American Type Culture Collection, Rockville, Md. Af. catarrhalis strains 
were routinely cultured at 37°C in brain heart infusion (BHI) broth (Difco 
Laboratories, Detroit, Mich.) or on BHI agar plates in an atmosphere of 95% 
air-5% CO2. When appropriate, kanamycin was added to the BHI medium to a 
final concentration of 20 M-g/ml. Escherichia coli DHSa, LE392. and XLl-Blue 
MRF' (Stratagene, La Jolla, Calif.) were grown on Luria-Bertani medium (41) at 
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TABLE 1 . Bacteriophages and plasmids used in this study 



Bacteriophage or 
plasmid 



Description 



Source 



Bacteriophages 
LambdaGEM-n 
MEH200 

ZAP Express 
USPlOO 

USP200 

Plasmids 
pBS 

pJL50L6 

pJL500.5 

pUSPAl 

pUSPAlKAN 

pGEX-4T-2 

pMF-3 

pMF4 

pMF-4-1 

pMF-4-2 

pUSPA2 

pUSPA2KAN 



Qoning vector 

LambdaGEM-11 containing an U-kb insert of Af. catarrhalis 035E DNA encoding the 

UspAl protein 
Qoning vector 

ZAP Express with a 2.7-kb fragment of DNA (containing uspA!) amplified from the 

chromosome of M. catarrhalis 035E 
ZAP Express with a 2.1-kb fragment of DNA (containing uspAl) amplified from the 

chromosome of M. catarrhalis 035E 

Cloning vector, Amp' 

pBS containing the 1.6-kb Bglil-EcoKi fragment from MEH200 
pBS containing the 600-bp BglW fragment from MEH200 
pBS containing the partial uspAl ORF (bp 339 to 2984) 
pUSPAl with a kan cartridge inserted into the partial uspAl ORF 
GST fusion protein vector 

pGEX-4T-2 containing bp 1185 to 1742 from uspAl 
pGEX-4T-2 containing bp 1638 to 2303 from uspAl 
pGEX-4T-2 containing bp 1722 to 1954 from iispAl 
pGEX-4T-2 containing bp 1934 to 2303 from uspAl 
pBS containing the partial uspA2 ORF (bp 649 to 2596) 
pUSPA2 with a kan cartridge inserted into the partial uspA2 ORF 



Promega Corp. 
27 

Stratagene 
This study 

This study 



Stratagene 
This study 
This study 
This study 
This study 
Pharmacia 
This study 
This study 
This study 
This study 
This study 
This study 



37*C, supplemented with maltose (0.2%, wtA^ol), 10 mM MgS04, and antimi- 
crobial agents as necessary. 

MAbs and immunological methods. MAb 17C7 is a murine immunoglobulin G 
(IgG) antibody reactive with the UspA protein of all M. catarrhalis disease 
isolates tested to date (27). TTiis MAb was used in the form of hybridoma culture 
supernatant fluid in all experiments. The colony blot- radioimmunoassay has 
been described before (22). 

Cloning vectors. Plasmid and bacteriophage cloning vectors utilized in this 
study and the recombinant derivatives of these vectors are listed in Table 1. 
MEH200, the original recombinant bacteriophage clone that produced plaques 
reactive with the UspA-specific MAb 17C7, has been described previously (27). 

Genetic techniques. Standard recombinant DNA techniques, including plas- 
mid isolation, restriction enzyme digestions, DNA modifications, ligation reac- 
tions, and transformation of £. coli, were performed as described previously (41, 
53). The use of electroporation to construct isogenic mutants of A/, catarrhalis 
has been described (28); the 1.2-kb kan cartridge used for these experiments was 
excised from pUC4K (Pharmacia-LKB Biotechnology, Piscataway, N.J.) by di- 
gestion with BamHl. 

Southern blot analysis. Southern blot analysis of chromosomal DNA frag- 
ments derived from M. catarrhalis strains was performed as described before 
(26). Oligonucleotide probes were labeled with a 3 '-end labeling fluorescein kit 
(Dupont NEN, Wilmington, Dela.). Double-stranded DNA probes were labeled 
with •'^P with a random-primed DNA labeling kit (Boehringer- Mannheim, Indi- 
anapolis, Ind.). 

PCR. The PGR was performed with the GeneAmp kit (Perkin-Elmer, Branch- 
burg, N.J.). All reactions were carried out as desaibed in the manufacturer's 
instructions. To amplify products from total genomic DNA, 1 jtg of M catarrhalis 
chromosomal DNA and 100 ng of each primer were used in each 100- p.1 reaction 
mixture. Ligation-based PCR experiments (i.e., vector-anchored PCR) (20, 37) 
were performed essentially as described before (33), except as noted. Oligonu- 
cleotide primers used in this study were designated PI to PI 8 in Fig. 2 and 6. 

Nucleotide sequence analysis. Nucleotide sequence analysis of DNA frag- 
ments in recombinant plasmids or derived from PCR was performed with an 
Applied Biosystems (Foster City, Calif.) model 373A automated DNA se- 
quencer. Nucleotide sequence analysis of a M. catarrhalis DNA insert in a 
bacteriophage was facilitated by use of a presequencing kit for linear double- 
stranded DNA (United States Btochemicals, Cleveland, Ohio); this DNA was 
analyzed by double-stranded sequencing methods (70). Nucleotide sequence 
information was analyzed with the Intelligenetics suite package and programs 
from the University of Wisconsin Genetics Computer Group sequence analysis 
package (version 8.1) (10). Analysis of protein hydrophilicity by the method of 
Kyte and Doolittle (38) and analysis of repeated amino acid sequences within 
proteins were performed with the Mac Vector 6.0 software protein matrix anal- 
ysis package (Oxford Molecular Ltd., Campbell, Calif.). The GAP alignment 
algorithm contained in the University of Wisconsin software package was used 
for direct comparison of the amino acid sequences of entire proteins. The 
ClustalW program for pairwise alignment with the Blosum 30 scoring matrbt, as 
contained in MacVector 6.0, was utilized to determine similarity between pep- 
tides. 



Identification of recombinant bacteriophage. Lysates were generated from 
Escherichia coli cells infected with recombinant bacteriophage by use of the plate 
lysis method as described previously (27). MAb-based screening of plaques 
formed by recombinant ZAP Express bacteriophage on£. coli XLl-Blue MRF' 
cells was performed as described in the manufacturer's instructions. Briefly, 
nitrocellulose filters soaked in 10 mM IPTG (isopropyl-p-o-thiogalactopyrano- 
side) were applied to the surface of agar plates 5 h after bacteriophage infection 
of the bacterial lawn. After overnight incubation at 37°C, the nitrocellulose pads 
were removed, washed with phosphate-buffered saline (PBS) containing 0.5% 
(volA-ol) Nonidet P-40 and 5% (wt/vol) skim milk (PBS-N), and incubated with 
hybridoma culture supernatant containing MAb 17C7 for 4 h at room temper- 
ature. After four washes with PBS-N, PBS-N containing ^^I-labeled goat anti- 
mouse IgG was applied to each pad. After overnight incubation at 4*'C, the pads 
were washed four times with PBS-N, blotted dry, and exposed to film. 

Characterization of Af. catarrhalis protein antigens. Outer membrane vesicles 
were extracted from BHI broth-grown M. catarrhalis cells by the EDTA-buffer 
method (48). Proteins present in these vesicles were solubilized by heating at 
100°C for 5 min in digestion buffer (21) and resolved by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) with 7.5% (wtA^ol) polyacryl- 
amide separating gels. Tliese SDS-PAGE-resolved proteins were transferred 
electrophoretically to nitrocellulose, and Western blot (immunoblot) analysis 
was performed as described previously with MAb 17C7 as the primary antibody 
(32). Radioiodinated goat anti-mouse IgG was used as the secondary antibody. 

N-terminal amino acid sequence analysis. Proteins present in outer membrane 
vesicles or eel) envelopes (24) prepared from Af. catarrhalis 035E were resolved 
by SDS-PAGE, and the UspA protein band was excised. This protein was 
electroeluted and then again subjected to SDS-PAGE and transferred to a 
polyvinyl idene difluoride membrane by the method of Matsudaira (42). The 
protein was then digested with trypsin, endoproteinase Lys-C (Promega), or 
cyanogen bromide. The resultant peptides were resolved by high-performance 
liquid chromatography and subjected to N-terminal amino acid sequence anal- 
ysis as described before (25). 

Construction and analysis of fusion proteins. A glutathione 5-transferase 
(GST) fusion protein system was used for localization of the epitope in UspAl 
that bound MAb 17C7. Pairs of oligonucleotide primers were designed to am- 
plify 400- to 600-bp fragments spanning the uspAI gene from M. catarrhalis 035E. 
Each of these primers had either a BamHl site or a Xho\ site at the 5' end, 
thereby allowing directional in-frame cloning of the amplified product into the 
BamHl- and AVio I -digested pGEX-4T-2 vector (Pharmacia). Each of the result- 
ant plasmid constructs was confirmed by nucleotide sequence analysis. Whole- 
cell lysates prepared from each recombinant £. coli strain were probed in West- 
em blot analysis independently with MAb 17C7 and with a polyclonal mouse 
antiserum specific for GST (to verify expression of the fusion protein). Horse- 
radish peroxidase-conjugated goat anti-mouse immunoglobulin was used as the 
secondary antibody. 

Nucleotide sequence accession number. The complete nucleotide sequences of 
the uspAl and uspA2 genes from Af. catarrhalis 035E have been deposited in 
GenBank under accession numbers U57551 and U86135, respectively. 
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FIG. 1. Partial restriction enzyme map of the M. catarrhalis DNA insert in MEH200 and its derivatives. Relevant restriction sites are indicated; the 5au3AI site is 
not the only Sau'iM site in the insert. The 1.6-kb internal Bgt\\-EcoK\ fragment and the 600-bp interna) BglU fragment were subcloned into pBS, creating the plasmids 
pJL501.6 and pJL500.5, respectively. The inserts in these plasmids are indicated by black bars. The shaded box indicates the position of the 2.5-kb iispAl ORF; the arrow 
beneath the left comer of this ORF indicates the direction of transcription. The use of parentheses around the Sad sites indicates that these sites are in the vector 
DNA. 



RESULTS 

Subcloning and analysis of the uspAl gene. An 11-kb frag- 
ment of chromosomal DNA from A/, catarrhalis 035E encoding 
a MAb 17C7-reactive protein was originally obtained from a 
bacteriophage-based genomic library (27). For the purpose of 
clarity, the M. catarrhalis gene encoding this MAb 17C7- reac- 
tive protein has now been designated uspAl. Efforts to sub- 
clone the entire 11-kb M. catarrhalis DNA insert from the 
recombinant bacteriophage MEH200 (Fig. 1) into a plasmid 
vector were unsuccessful, even when very-low-copy-number 
vectors (e.g., pLG338 [62]) were utilized for this purpose. 
When attempts were made to introduce various restriction 
fragments from this 11-kb insert into plasmid vectors, four 
fragments comprising 8.2 kb of contiguous DNA were sub- 
cloned successfully. These included the 600-bp Bglll fragment, 
the 1.6-kb Bglil-EcoKl fragment, the 4-kb EcoKl fragment, 
and the 2-kb Ecol^-Sacl fragment (Fig. 1). However, none of 
these recombinant clones expressed the MAb 17C7-reactive 
antigen. 

Preliminary nucleotide sequence analysis of the 4-kb EcoKl 
and the 2-kb EcoKL-Sacl fragments revealed that these repre- 
sented chimeras containing both M catarrhalis DNA and E. 
coli DNA; no further analyses of these fragments were per- 
formed. In contrast, nucleotide sequence analysis of the 600-bp 
Bglll fragment in the recombinant plasmid pJL50Q.5 and 
1.6-kb Bglll-EcoKi fragment in the recombinant plasmid 
pJL501.6 (Fig. 1) revealed the presence of a partial open read- 
ing frame (ORF) that encoded an incomplete 54-kDa polypep- 
tide. The beginning of this partial ORF was inferred to be 
localized within the 2.8-kb Sacll-Bglll fragment (Fig. 1). 

All attempts to subclone the 2.8-kb Sacl-BgRl fragment were 
unsuccessful. However, double-stranded sequencing of the 
bacteriophage DNA, although very inefficient, yielded approx- 
imately 500 nucleotides of additional sequence 5' from the first 
Bglll site in MEH200; this new sequence included a 5aM3Al 
site (Fig. 1). A 26-nucleotide probe specific for a region 5' from 
this 5flw3AI site in the MEH200 insert (see P3 in Fig. 2) was 
shown to hybridize to a 1.2-kb Sau3Psl fragment from M ca- 
tarrhalis 035E by Southern blot analysis (data not shown). This 
allowed us to infer that this 1.2-kb Sau^PA fragment contained 
the 5' end of the putative uspAl ORF. 

Use of ligation-based PCR for nucleotide sequence analysis. 
5aM3AI-digested chromosomal DNA fragments from this 
strain were ligated into the BamWl site in pBluescript II SK+ 
(pBS), and the ligation reaction mixture was precipitated, 
dried, and resuspended in 50 |xl of sterile distilled water. This 
material was subjected to PCR amplification with an oligonu- 
cleotide primer specific for a region immediately 5' from the 
relevant 5aM3AI site in MEH200 (see P4 in Fig. 2) and a 



primer specific for the pBS T7 promoter. After PCR amplifi- 
cation, the entire reaction mixture was subjected to agarose gel 
electrophoresis. A 1.2-kb band (corresponding to the predicted 
size of the desired Sau^PA fragment) was obtained and used as 
the template in a second round of PCR amplification with the 
same primers. 

Nucleotide sequence analysis of this final PCR product re- 
vealed that it contained the likely translation al start site, to- 
gether with a putative promoter region, to complete the partial 
ORF encoded by the inserts in the recombinant plasmids 
pJL501.6 and pJL500.5 (Fig. 1). The position of this ORF in 
the original M. catarrhalis DNA insert in MEH200 is shown in 
Fig. 1. Primers PI and P14 (see Fig. 2) were used to amplify a 
2.7-kb fragment containing the entire uspAl ORF directly 
from the chromosome of Af. catarrhalis 035E, and both strands 
of this 2.7-kb PCR product were sequenced in their entirety to 
confirm the nucleotide sequence information derived from the 
ligation-based PCR product. 

Features of the uspAl gene and its encoded protein product. 
The nucleotide sequence of the M. catarrhalis 035E uspAl gene 
and the deduced amino acid sequence of the UspAl protein 
are shown in Fig. 2. The ORF, containing 2,496 nucleotides, 
encoded a protein product of 831 amino acids, with a calcu- 
lated molecular weight of 88,271. The likely translational start 
site was located at nucleotide 321 (Fig. 2); this ATG start 
codon is located 7 nucleotides downstream from a sequence 
(5'-AGGA-3') with homology to ribosome binding sites (56). 
Putative -10 and -35 consensus sequences were also identi- 
fied upstream from the putative start codon (Fig. 2). A possible 
stem-loop terminator sequence was located between nucleo- 
tides 2841 and 2874. There were no ORFs located within 300 
bp 5' from the start of the uspAl gene. On the opposite DNA 
strand, approximately 200 bp from the 3' end of the iispAl 
gene, there was an ORF encoding a predicted product similar 
to the E. coli P14 protein (52). The predicted protein product 
of the uspAI ORF was fairly hydrophilic and was distinguished 
by its high content of a number of different amino acid repeat 
motifs containing at least three predicted leucine zippers (data 
not shown). The significance of these motifs remains to be 
determined. 

Similarity of UspAl to other proteins. When the nucleotide 
sequence oiuspAl was analyzed through the National Center 
for Biotechnology Information by use of the BLAST network 
service to search GenBank (2, 16), the hsfgtnt product of //. 
influenzae type b (61) was found to be the prokaryotic protein 
most similar to this M catarrhalis antigen. This H. influenzae 
protein forms short, thin fibrils on the surface of //. influenzae 
type b that promote attachment to human epithelial cells (60). 
Other proteins retrieved from database searches as having 
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ATCJWSCATCrroWKyuUVTGACTGGCGTAAATaiUr^ 

-35 -10 



300 

ATTTACCAACCTGATAATCACTTTGATAGCCATTAGCGATGGCATCAAG' 



TATTGTCATATAAAC<KrrAJUlTTTCXrrTTGGTCXUTGCCCCAT^^ 



TtXTTTATT^CAGaCTAAOATGAATAAAATTTATAAAGTaAAGAAAAATCKrGCAGOTCACT^^ 

RBS HNKIYKVKRNAAGBLVACSBPAKGHTKKAVLGSLL7VGALGMA> 



CGACGGCGTCTtX:ACAAGCAACCAACAGCAAAGGCACA£XX:GCGCACATCGGTGTTAACAATAAC 

TTASAQATNSRGTaAHIGVHNNHBAPGSYSPiaS0GYHKADRySAIOGOL> 



GCACATACTCTACOlTCGOTGQTGGCGATAACAACACACGCQAAGOCGAATACTCAACOGTCGCAGG^^ 

GRySTIGOGDHNTRBGBYSTVAGGKNNQATGTGSPAACVEHOANAENAVA> 



Taan-AAAAACAACATTATCGAAGGrGAAAACTCAGTAOCCyvTCGGCTCTCAGAATArc 

VGRRNriEGEMSVAIGSEMTVKTBHRNVPILGSGTTGVTSNSVLLGHETA> 



GCAAACAGGCGACCACTGTTAAGAATGCCGAAGTGGGTOGTCTAAGCCTAACAGGATTT^ 

G!t<lATTVRNAEVGGLSLTGPACESKAENGVVSVGSEGGBRQIVNVGAGQI> 



^ 1250 1300 ^^^^^ 1350 

GTGACACCTCAACAGATGClGTTAATGGerCACAGCTACATGCTTTGOCCACAOTTG^ 

S0TSTDAVNGSQLHALATVVDONQyDIVNNRADIL.NNODDrKDLQKEVKG> 



UOO 



1450 



1500 



TTGATAATGAQGTGGGTGAATTAAQCCGAGACATTAATrcACTTCATGATGTTACTGACAA 

LDNEV6ELSRDINSLHDVTDHQQDDIKBLKRGVX£LDNEVGVLSRDINSL> 



ATGATGATCTTGCTGACAACCAAGATGACATTGCTAAAAACAAAGCTGACATCAAAGGTCTTAATAAGGAGGT^^ 

HDDVADNODDIAKNKADIKGLKKEVKELDKBVGVLSRDIGSLRDDV 




TTGACATTGAOAAAAATAAAGCTCGTATIXXrTArcAATAACCAAGAGCTTATrCTTCA^ 

PEIEKNKAGlATNKQBLILONDRLNRINETNNRQDQKIDOLCYALKEQGQ> 

- _^ 2600 2650 2700 

ATTTTAATAATCGTATTAGTGCTCTTGAGOnCAAACAGCT^^ 

.HFNNRISAVBRQTAGGIANAIA1ATLPSPSRAGEHHVLFGSGVHNGQAAV> 



2750 



2800 



2850 



TXriOTATAA ACAGACCATATrnT ATCCAAAAAAATTATCTTAACTOTTATAAACTATTATA^ 



CAATGGACA 



Vol. 65, 1997 M. CATARRHAUS UspA PROTEINS 4371 



FIG. 2. Nucleotide sequence of the uspAl gene from Af. catarrhalis 035E together with the deduced amino acid sequence. Putative -35 and -10 regions are 
indicated; a possible ribosome binding site (RBS) is also indicated. An inverted repeat located 3' from the ORF is indicated by opposing arrows at nucleotides 2841 
to 2874. Oligonucleotide primers (Fl to P14) used for PCR amplification are indicated by arrows placed above the relevant sequences. The shaded box contains the 
nucleotide sequence encoding the 222 amino acids present in the MF-4 fusion protein. The 23-residue peptides common to both the MF-4-1 and MF-4-2 fusion proteins 
are double underlined in this shaded box. Relevant restriction sites are indicated. 



some similarity with UspAl included myosin heavy chains from 
a number of species. 

N-terminal amino acid sequence analysis of internal UspA 
peptides. To confirm the deduced amino acid sequence of the 
UspAl protein, we performed N-terminal amino acid se- 
quence analysis on peptide fragments from native UspA pro- 
tein. The very-high-molecular-weight UspA protein (i.e., ap- 
parent molecular weight of greater than 250,000 in SDS-PAGE 
[27]) from M. catarrhalis 035E was resolved by SDS-PAGE, 
electroeluted, and digested with various proteinases or with 
cyanogen bromide. When the resultant peptides were sub- 
jected to N-terminal amino acid sequence analysis, several of 
the peptides exactly or closely matched peptides located near 
the center of the deduced amino acid sequence of the UspAl 
protein (Table 2). However, four additional peptides with se- 
quences that had only weak similarity to or were not present in 
the deduced amino acid sequence were found (Table 2). The 
degree of identity between the sequences of these four pep- 
tides and the deduced amino acid sequence of the UspAl 
protein ranged from 26 to 33% (ClustalW score range, 35 to 
43). These findings first raised the possibility that there might 
be a second protein, similar to UspAl, present in the electro- 
eluted UspA protein band. 

Southern blot analysis with a uspAl gene probe. To obtain 
preliminary genetic evidence for the possible existence of a 
second gene encoding a UspAl -like protein, we used a DNA 
fragment from the uspAl gene to probe chromosomal DNA 
from several M. catarrhalis strains. A 600-bp Bglll-Pvull frag- 
ment from pJL501.6, containing the 3' end of the uspAl gene 
from strain 035E (Fig. 1), was used to probe a Pvull digest of 
chromosomal DNA from strain 035E and five additional 
strains of M. catarrhalis. Interestingly, each strain yielded two 
Pvull fragments that hybridized with this probe (Fig. 3, lanes A 
to F). This finding reinforced the possibility that there was 
another uspAlAWi^ gene in the M catarrhalis chromosome. 

Construction and characterization of an isogenic uspAl mu- 
tant. Mutant analysis was utilized to determine conclusively 
whether there were two similar UspA proteins expressed by M 



TABLE 2. Amino acid sequence of peptides derived from the 
SDS-PAGE-purified, very-high-molecular-weight UspA protein 
from M. catarrhalis 035E 

Type of peptides Sequences 

Similar or identical" KALESNVEEGLLDLSGR 

ALESNVEEGLLELSGRTIDQR 
NQAHI ANNI NX I YELAQQQDQK'' 
NQADIAQNQTDIQDLAAYNELQ 
ATHDYNERQTEA 
KASSENTQNIAK 

Other* MILGDTAIVSNSQDNKTQLKFYK 

AGDTIIPLDDDXXP 

LLHEQQLXGK 

IFFNXG 



" Peptides identical or very similar to peptides contained in the deduced amino 
acid sequence of the UspAi protein. 

Peptides which match poorly or not at all with the deduced amino acid 
sequence of the UspAl protein. 

" X indicates a residue that was not identified. 



catarrhalis. Oligonucleotide primers (P2 and P14 [Fig. 2], each 
with a BamWl site at the 5' end) were used to amplify a 2.6-kb 
product containing most of the uspAl ORF except the first 18 
nucleotides; this PCR product was cloned into the BamHl site 
of pBS, yielding the recombinant plasmid pUSPAl (Table 1). 
A 0.6-kb Bglll fragment from the middle of this cloned frag- 
ment was excised and replaced by a BomHI-ended kan car- 
tridge. This new plasmid, designated pUSPAlKAN, was lin- 
earized by digestion with EcoKl and used to electroporate the 
wild-type M catarrhalis strain 035 E as described before (28). 
Approximately 5,000 kanamycin-resistant transformants were 
obtained; several picked at random were found to be still 
reactive with MAb 17C7 in the colony blot-radioimmunoassay. 
One of these kanamycin-resistant strains, designated M. ca- 
tarrhalis 035E.1, was randomly chosen for further testing. 

Southern blot analysis confirmed that 035E.1 was an isogenic 
uspAl mutant. When chromosomal DNA from both the wild- 
type parent strain and strain 035E.1 was digested with Pvull 
and probed in Southern blot analysis with the 600-bp BgHl- 
Pvull fragment from pJL501.6, the wild-type strain (Fig. 3, lane 
A) exhibited 2.6- and 2.8-kb Pvull fragments which bound this 
iwpyl 7 -derived probe. In contrast, the mutant strain (Fig. 3, 
lane G) had 2.6- and 3.4-kb Pvull fragments that bound this 
probe. The presence of the 3.4-kb Pvull fragment was the 
result of allelic exchange involving the mutated uspAl gene 
containing the kan cartridge; only the 3.4-kb Pvull fragment of 
the mutant bound a kan cartridge probe (data not shown). 
Therefore, we inferred from this result that the 2.8-kb Pvull 
fragment from strain 035E (Fig. 3, lane A) contained the uspAl 
ORF. 



A B C D E F G 




FIG. 3. Southern blot analysis of A'ull-digested chromosomal DNA from 
wild-type and mutant strains of M. catarrhalis with a probe containing uspAl 
DNA. The 600-bp BglW-PvuW fragment from pJL501.6 was used as the probe. 
Lanes: A, 035E; B, TTA24; C, TTAl; D, TTA37; E, P44; F, ATCC 25240; G, 
uspAl mutant strain 035 E.l. Kilobase position markers are indicated to the left 
of the figure. 
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FIG. 4. Western blot analysis of outer membrane proteins in wild-type and 
mutant M. catarrhalis strains by use of autoradiography. Proteins present in 
EDTA-extracted outer membrane vesicles from the wild-type strain 035 E (lane 
A), the isogenic uspAl mutant strain 035E.1 (lane B), and the isogenic iispA2 
mutant strain 035 E.2 (lane C) were resolved by SDS-PAGE, transferred to 
nitrocellulose, and probed with MAb 17C7 followed by radioiodinatcd goat 
anti-mouse immunoglobulin. The bracket on the left indicates the very-high- 
molecular- weight form of the UspA protein. The open arrowhead indicates the 
120-kDa, putative monomeric form of the UspAl protein. The closed arrowhead 
indicates the 85-kDa, putative monomeric form of the UspA2 protein. This 
autoradiogram had to be overexposed to detect the 120- and 85-kDa proteins; 
shorter exposure times revealed that the very-high-molecular-weight form of the 
UspA protein expressed by both the wild-type strain and the uspAl mutant 
formed a discrete band that bound MAb 17C7 and also gave rise to a number of 
apparent degradation products which migrated slightly faster in SDS-PAGE. 
Molecular weight position markers (K, thousand) are shown to the left of the 
figure. 



Identification of MAb 17C7-reactive proteins. Western blot 
analysis of outer membrane vesicles of the uspAl mutant strain 
035E.1 (Fig. 4, lane B) revealed that this mutant still expressed 
the very-high-molecular-weight protein reactive with MAb 
17C7 and at a level equivalent to that expressed by the wild- 
type strain (Fig. 4, lane A). However, long-term exposure of 
this autoradiogram revealed that the uspAl mutant (Fig. 4, 
lane B) lacked expression of an antigen with an apparent 
molecular weight of approximately 120,000 that was expressed 
by the wild-type strain (Fig. 4, lane A). 

The fact that this uspA] mutant still expressed the very-high- 
molecular-weight UspA antigen reactive with MAb 17C7 indi- 
cated that there had to be a second gene in M. catarrhalis 035E 
that encoded a MAb 17C7-reactive protein. In this context, it 
should be noted that both the wild-type strain and the uspAI 
mutant (Fig. 4, lanes A and B, respectively) expressed an 
antigen with an apparent molecular weight of approximately 
85,000 that bound MAb 17C7. Identification of the gene en- 
coding this 85-kDa protein was successfully accomplished by 
use of a combination of epitope mapping and PGR methods as 
described below. 

Localization of the UspAl epitope that binds MAb 17C7. 
The UspAl epitope which bound MAb 17C7 was localized by 
use of the nucleotide sequence of the uspAl gene to construct 
GST- fusion proteins. The epitope that bound MAb 17C7 was 
localized first to a 222-amino-acid span (encoded by nucleo- 
tides 1638 to 2303 [Fig. 2]) contained in the fusion protein 
MF-4 (Fig. 5, lane B). The oligonucleotide primers (P6 and 
P13) used in the PGR to amplify the relevant nucleotide se- 
quence from M catarrhalis 035E chromosomal DNA are de- 
picted in Fig. 2. Further analysis of the UspAl-derived amino 
acid sequence in the MF-4 fusion construct involved the pro- 
duction of fusion proteins containing 78 amino acid residues 
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220K 
66K . 

46K - 



FIG. 5. Western blot analysis of the reactivity of UspAl -de rived fusion pro- 
teins with MAb 17C7. The MAb 1 7C7-reactive fusion proteins MF-4 (lane B), 
MF-4-1 (lane C), and MF-4-2 (lane D) were produced by plasmid constructs 
generated as described in Results. Fusion protein MF-3 (lane A) contains amino 
acid residues 289 to 474 from UspAl; the plasmid construct expressing this 
fusion protein was produced by use of oligonucleotide primers P5 and P8 in Fig. 
2 for PCR; it is included here as a negative control. Molecular weight position 
markers (K, thousand) are shown to the left of the figure. 



(MF-4-1, derived from the use of primers P7 and P12 [Fig. 2]) 
and 123 amino acid residues (MF-4-2, derived from the use of 
primers Pll and P13). Both MF-4-1 and MF-4-2 bound MAb 
17C7 (Fig. 5, lanes C and D, respectively) and had in common 
a 23-residue region, suggesting, although not proving, that this 
23-residue region contained the epitope that bound MAb 
17C7. 

Identification of a second gene in M. catarrhalis 035E en- 
coding the MAb 17C7-reactive epitope. It is important to note 
that the nucleotide sequence encoding the 23-amino-acid re- 
gion common to both MF-4-1 and MF-4-2 was present in the 
600-bp Bgai-PvuU fragment (Fig. 2) used in the Southern blot 
analysis described above (Fig. 3). This finding suggested that 
the epitope that bound MAb 17C7 might be encoded by DNA 
present in both the 2,6- and 2.8-kb Pvull fragments from M. 
catarrhalis 035E that hybridized with this probe (Fig. 3, lane 
A). Moreover, by comparison with the Southern blot results 
obtained with the isogenic iispAl mutant (Fig. 3, lane G), it was 
apparent that the wild-type 2.8-kb Pvull fragment (Fig. 3, lane 
A) contained uspAI DNA and that the wild-type 2,6-kb A'wII 
fragment (Fig. 3, lane A) likely represented all or part of 
another gene encoding this same epitope. 

This hypothesis was tested by means of the previously de- 
scribed ligation-based PCR system. Chromosomal DNA from 
the isogenic uspAl mutant was digested to completion with 
Pvull and resolved by agarose gel electrophoresis. Fragments 
ranging in size from 2 to 3 kb were excised from the agarose, 
blunt ended, and ligated into the EcoKV site in pBS, This 
ligation reaction mixture was precipitated and used in a PCR 
amplification. Each PGR contained an oligonucleotide primer 
for the vector together with an oligonucleotide primer (either 
P9 or PIO [Fig. 2]) derived from the DNA near the center of 
the MF-4 insert. This approach yielded a 1.7- to 1,8-kb product 
with the vector and PIO primers and a 0.8- to 0.9-kb product 
with the vector and P9 primers. It should be noted that the sum 
of the sizes of these two bands is approximately the same as the 
2.6-kb size of the desired DNA fragment. 

Nucleotide sequence analysis of these two PGR products 
revealed the presence of a partial ORF in each; one contained 
a putative translation initiation codon, and the other contained 
a termination codon. When joined at the region containing the 
P9 and PIO primers (Fig. 6), these two partial ORFs formed a 
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C'ita;'IT:Xri^GCAG(Xa(X:CTCTCT0CCAATCAC7rACAC 

200 350 300 

• • • 

GCTAATCCCmWACAGTCtMATGACTTCXnwnTCGC^ 



AAAATACXrATATTGAAAGTACCXrrTTGCgrATTATTTATCTAACrrTATATCT 

-35 -10 
500 5S0 600 



TAGATAGATAGATAGATACATAGATAGATAGATAGATAGATAGATAGATAAAACTCTGTCTrTTATCT^^ 



650 

PI 7 



CTGATGACTTAACTACCAAAACAGAGTCCTAAATGAAAACCATGAAACTT^ 

RBS MKTMKLLPLK1AVTSAMIVGLGATSTVNAQVVE0PPPNI> 

800 850 909 

TTTTTAATGAAAACCATt^TCAATTAGA'iiyVTGCATACCATAATATGATCTTAGGGGAT 

FPNENHDBLDDAYHNMILGDTAIVSNSODNSTOLKPYSNDEDSVPDSLLP> 

950 1000 :oso 

GTAAACTACTICATGAGCAGCAACTTAATGGTTTTAAAGCAGGTGACACAATCATT^ 

SKLLHEQgLNGFKACDTTIPLDKDCKPVYTKDTRTKDGKVETVYSVTTKI> 

1100 1150 1200 

CTACCCAAGATGATGTrGAACAAAGTGCATATTCACGAGGCATTCAAGCWCATATCGATGATC^^ 

ATQD0VEQSAySRG10GDIDDLYDlNRBVNEYLKATHDYNERQTEAIDAL> 



ACAAAGCAAGCTCTGCGAATACTGATCCTATTGATACTtXrTGAAGAQCGTAT^ 

NKASSANTDRIDTAEaRrDKNEYDIKALSSNVEEGLLELSGHLIDQKADL> 

1400 1450 1500 

CAAAAGACATCAAAGCA<riTGAAAGCAATCTCGAAGAAGGTTTGTTGGAGCTAAGCQGTCA^ 

TKDIKALESNVEEGLLELSGHLIDOKADLTKDXKALESNVEEGLLDLSGR> 

1550 1600 1650 

TGCTTGATCAAAAAGCAGATATCGCTAAAAACCAAGCTGACATTGCTCAAAACCAAACAGACATCCAAlU 

LLDOKADIAKNQAD lAONQTDIQDLAAYNELQDAYAKQQTEA IDALNKAS> 

1700 1750 1800 

P?" ^ V PIO 



CTGAGAATACACAAAACATTGCTAAAAACCAAGCGGATATraCTAATAACATCAACAATATCTATGACCTGGCACAACAGCA^ 

SBKTQNI AKNQADIA NNINNIYBLAQQQDQHSSDIKTL AXASAANTDRIA> 

1850 1900 1950 

AAAACAAAGCCGATGCTGATGCAAGTTTTGAAACGCTCACCAAAAATCAAAATACTTT^ 

KNKADADASFETLTltNONTLIEKDKEHDKLlTANKTAIDANKASADTKFA> 

2000 2050 2100 

CGACAGCAGACGCCATTACCAAAAATGGAAATGCTATCACTAAAAACGCAAAATCTATCACTGATTTGGGT^^ 

ATADATTKNCNA1TKNAKSITDLCTKVDGFDGRVTALDTKVNALDTKVNA> 

2150 2200 2250 

trcatcctcgtatcacagctttagacagtaaagttoaaaacggtatggctgcccaaoc^^ 

fdgr:taldskvengmaaqaalsglpqpysvckfnataalggygsksava> 

2300 2350 2400 

* * * 

tccgtgctcgctatcgtctgaatccaaatctqgcgtttaaacc^^ 

igagyrvnpnlapkagaaintsgnkkgsynigvnyef 

2450 2500 2550 

• • • 

CCCTGCTI'mTA TGCGTITTTCTGGCTTTTQGTTCTCAGTGA 



gcataaaataaagctcogcatcagagctgcgagtagcggcatacag 

FIG. 6. Nucleotide sequence of the iispA2 gene from M. catarrhalis 035E and the deduced amino acid sequence of the UspA2 protein. Putative -35, -10, and 
ribosome binding sites (RBS) are indicated. Fifteen repeats of the tetranucleotide AG AT are present between nucleotides 439 and 499. Opposing arrows indicate an 
inverted repeat immediately downstream from the ORF. Oligonucleotide primers (P15 to P18) used for PCR-based amplification of selected regions of this sequence 
from the chromosome of the wild-type M. catarrfialis strain 035E are indicated by arrows placed above the relevant sequences. Primers P9 and PIO are included here 
to indicate the uspA2 DNA regions that bound these primers in the ligation-based PGR experiment. The BglW sites used for insertion of the kan cartridge are indicated; 
the peptide that is also present in both MF-4-1 and MF-4-2 is double underlined. 
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complete 1.7-kb ORF (Fig. 6). Oligonucleotide primers P16 
and PI 8 (Fig. 6) were used to amplify a 2.6-kb fragment from 
M. catairhalis 035E chromosomal DNA. Nucleotide sequence 
analysis of this PCR product was used to confirm the nucleo- 
tide sequence of the ORF, designated uspAly determined from 
the ligation-based PCR experiment. When this same PCR 
product was ligated into the ZAP Express bacteriophage, the 
resultant recombinant bacteriophage formed plaques which 
bound MAb 17C7 (data not shown), thus confirming that the 
uspAl ORF encoded a MAb 17C7-reactive protein. 

Features of the uspA2 gene and its encoded protein product. 
The uspAl ORF contained 1,731 nucleotides encoding a pro- 
tein containing 576 amino acids with a calculated molecular 
weight of 62,483. Putative -10, -35, and ribosome binding 
sites are indicated in Fig. 6. Interestingly, there were 15 repeats 
of the tetranucleotide AGAT located 150 nucleotides 5' from 
the predicted translation initiation cod on (Fig. 6); the signifi- 
cance of these repeats is not known. An inverted repeat was 
located immediately downstream from this ORF (nucleotides 
2381 to 2412 [Fig. 6]). Immediately upstream from the uspAl 
gene was a gene encoding a product that is most similar to the 
glycoprotease of Pasteurella haemolytica (1). A gene encoding 
a predicted protein that resembled most closely the MetR 
regulatory protein of £. coli (43) was located downstream from 
uspAl and on the opposite strand. Similar to UspAl, UspA2 
contained several different amino acid repeat motifs with two 
possible leucine zippers (data not shown). When the amino 
acid sequence of UspA2 was used in a BLAST search of Gen- 
Bank, the UspA2 protein proved to be most similar (i.e., 27% 
identical and 47% similar by GAP alignment) to the YadA 
outer membrane protein of pathogenic Yersinia species (59). 

The amino acid sequence of UspA2 was 43% identical to 
that of UspAl. However, closer examination revealed that a 
region containing amino acids 271 to 411 in UspA2 was 93% 
identical to the region containing amino acids 498 to 638 in 
UspAl (Fig. 7). Outside of these regions, the level of identity 
was only 22 to 24%. It also should be noted that the four 
previously described peptides that were not found in UspAl 
(Table 2) were found to be very similar to peptides in the 
deduced amino acid sequence of UspA2. The degree of iden- 
tity between these four peptides and their counterparts in 
UspA2 ranged from 67 to 91% (ClustalW score range, 46 to 
138). In addition, the peptides which matched or were very 
similar to peptides in the deduced amino acid sequence of 
UspAl (Table 2) also matched peptides found in the deduced 
amino acid sequence of UspA2. 

Construction and analysis of a uspA2 mutant. To confirm 
that the 62-kDa UspA2 protein could form the high-molecu- 
lar-weight UspA antigen, an isogenic uspA2 mutant was con- 
structed. The oligonucleotide primers PI 7 and PI 8 (Fig. 6) 
were used to amplify a 2-kb product from the M. catarrhalis 
035E chromosome; this fragment lacked 15 bp from the 5' end 
of the uspA2 ORF. This PCR product was cloned into pBS, 
yielding the recombinant plasmid pUSPA2. This construct was 
digested with Bglllj which cut the uspAl ORF three times 
within a 230-bp region (Fig. 6); a kan cartridge was inserted 
into this deletion site, yielding pUSPA2KAN. This mutated 
DNA was used to electroporate the wild- type strain 035 E, and 
a kanamycin-resistant transformant, designated 035E.2, was 
selected at random. PCR-based analysis, using oligonucleotide 
primers P17 and P18 (Fig. 6), indicated that allelic exchange 
had occurred in strain 035E.2, with the mutated uspA2 gene 
replacing the wild-type allele (data not shown). 

Western blot analysis with MAb 17C7 determined that outer 
membrane vesicles of the uspA2 mutant strain (Fig. 4, lane C) 
lacked expression of the 85-kDa antigen detected previously in 
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llltll-llllllllllllhltlll]MIIIIIIIII-=-- 
374 IKTLAKASAANTDRIAKNKADiADASFETLTKNQNTLIEKDKE 415 

651 NQSLEGFAAHADIQDKQILQNQADITTHKTAIEQNINRTVANGFEIEKNK 700 

:|| I -I-. -I-. II.. : I-- -l-ll 

416 HDKLITANKTAIDANKASAOTKFAATAD. . .AITKNG 449 

701 AGIATNKQELILQNDRLNRINETNNRQDQKIDQLGYALKBQGQHFNNRIS 750 

.:|.>l ::: • I 1 = = II I-II- 

450 NAITKNAKSITDLGTKVDGFDGRVTALDTKVN. . . . ALDTKVNAFDGRIT 495 

751 AVERQTAGGIANAIAIATLPSPSRAGEHHVLFGSQYHNGOAAVSLGAAGL 800 

h|.. h..| I --I- - = I ..=..||-:| II. 

496 ALDSKVENGMAAOAALSGLFQPYSVGKPNATAALGGYGSKSAVAIG.AGy 544 

801 SDTGKSTYKIGLSWSDAGGLSGG. .VGGSYRWK 831 

:| I • --.I. -h :|..| : 

545 RVNPNLAFKAGAAINTSGNKKGSYNIGVNYEF. 576 

FIG. 7. Comparison of the deduced amino acid sequences of the UspAl and 
UspA2 proteins from M. catarrhalis 035 E as determined by use of the GAP 
alignment program in the University of Wisconsin sequence analysis package. 
The first 100 residues of the UspAl protein are not included. Vertical bars 
indicate identity, colons indicate conserved substitutions, and single dots indicate 
less-conserved substitutions. 



both the wild-type strain and the isogenic uspAl mutant (Fig. 
4, lanes A and B, respectively). In addition, the very-high- 
molecular-weight form of the MAb 17C7- reactive antigen was 
greatly reduced in apparent abundance in outer membrane 
vesicles from the isogenic uspA2 mutant (Fig. 4, lane C). The 
120-kDa antigen that was missing from the uspAl mutant (Fig. 
4, lane B) was expressed by the uspA2 mutant (Fig. 4, lane C). 

Southern blot analysis of other M. catarrhalis strains by use 
of uspAl- and U5p.42-specific probes. Chromosomal DNA ex- 
tracted from A/, catarrhalis 035 E, from four additional disease 
isolates of this organism, and from M. catarrhalis ATCC 25240 
was digested with PviiW and used in Southern blot analysis with 
uspAl' and 05/7^4 2-specific DNA probes. For each strain, the 
PvuW fragment that bound the M5p/4 7 -specific probe was dif- 
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ferent from the Pvull fragment that bound the usp>i2-specific 
probe (data not shown). 

DISCUSSION 

Previous studies from both this laboratory (27) and another 
(34) described a very-high-molecular-weight protein of M ca- 
tarrhalis that is expressed by all M. catarrhalis disease isolates 
examined to date. This protein, designated UspA (27) or 
HMWP (34), has also been shown to be a target for a MAb 
(17C7) which enhanced pulmonary clearance of this organism 
in a murine model system and bound to all strains of Af. 
catarrhalis tested to date (27). However, the findings of the 
current study indicate that there are two genes in M. catarrhalis 
035E that encode the epitope that binds MAb 17C7, 

From the available mutant strain analysis data, it is clear that 
the uspAl and uspA2 gene products can be detected as 120- 
and 85-kDa proteins, respectively, in Western blot analysis 
(Fig. 4). These two MAb 17C7-reactive antigens likely repre- 
sent the monomeric forms of the UspAl and UspA2 proteins, 
respectively. At this time, we do not know why these two 
proteins migrate more slowly in SDS-PAGE (i.e., they have 
apparent molecular weights of 120,000 and 85,000) than would 
be expected from their calculated molecular weights (i.e., 
88,271 and 62,483), It is interesting to note that the calculated 
molecular weights for both UspAl and UspA2 are 73% of the 
apparent molecular weights of their putative monomeric forms 
as estimated by SDS-PAGE. 

It is also now apparent that both UspAl and UspA2 form 
aggregates or oligomers that migrate with an estimated molec- 
ular weight of at least 250,000 in SDS-PAGE (Fig. 4). The 
need to overexpose the autoradiogram to detect the 120- and 
85 kDa proteins (Fig. 4) suggested that relatively few of these 
putative monomeric forms are present in M. catarrhalis cells. In 
addition, it would also appear that the UspA2 protein likely 
comprises the bulk of the protein present in the very-high- 
molecular-weight form of the UspA protein in strain 035E 
(Fig. 4, compare lanes B and C). 

The fact that MAb 17C7 binds to the surface of whole M. 
catarrhalis cells (27) indicates that the homologous epitope is 
exposed to the environment. Whether both UspAl and UspA2 
are exposed on the surface of M. catarrhalis cannot be deter- 
mined from the available data. The deduced amino acid se- 
quence of UspA2 contained what could be a leader peptide, 
with a hydrophobic region of approximately 20 amino acids at 
the N terminus that was preceded by one or two basic amino 
acids (Fig. 6). In contrast, with the assumption that the trans- 
lation initiation codon depicted in Fig. 2 is correct, the N- 
terminal region of UspAl (Fig. 2) did not resemble a leader 
peptide. At this time, we cannot formally exclude the possibil- 
ity that the UspAl protein detected in Western blot analysis of 
outer membrane vesicles (Fig. 4) is primarily localized else- 
where in the M. catarrhalis cell. Conclusive determination of 
which of these proteins is surface exposed will necessarily have 
to await development of polyclonal antibody or MAb probes 
specific for each protein. 

The apparent molecular weight of UspA in SDS-PAGE has 
been reported previously as ranging from 300,000 to 700,000 
(27, 34). Treatment of either purified UspA or M. catarrhalis 
outer membrane vesicles with reducing agents, alkylating 
agents, or heat failed to alter the migration characteristics of 
this macromolecule in SDS-PAGE (27, 34), However, formic 
acid treatment of purified, very-high-molecular-weight UspA 
prior to SDS-PAGE was reported to result in the appearance 
of a single band with an apparent molecular weight of between 
120,000 and 140,000 (34). The 120-kDa antigen expressed by 



the uspA] gene in the present study (Fig. 4) is very similar in 
size to this product obtained from the formic acid-treated 
UspA (34), suggesting that UspAl may have been selectively 
purified in this previous study. Alternatively, the M catarrhalis 
strain used in this previous study (34) may have expressed only 
or mostly UspAl . 

The UspAl protein resembled most closely a surface fibril- 
forming macromolecule from H. influenzae type b that has 
been implicated in the ability of this encapsulated organism to 
attach to epithelial cells (60, 61). Genetic analysis of an iso- 
genic hsf mutant of H. influenzae type b indicated that this 
mutant lost essentially all of its ability to adhere to Chang 
conjunctival cells in vitro (60). Similarly, a recombinant E. coli 
strain that expressed the hsf gene product exhibited a greatly 
increased ability to adhere to these same epithelial cells (61). 
Whether UspAl can form fibrils on the surface of M. catarrha- 
lis or plays some role in the ability of A/, catarrhalis to colonize 
the nasopharynx cannot be determined from the available 
data. 

The M. catarrhalis UspA2 protein resembled a virulence 
factor of another pathogen, being most similar to the YadA 
adhesin-invasin expressed by pathogenic Yersinia species. 
YadA has been implicated in numerous virulence-associated 
phenotypes, including serum resistance of Yersinia enteroco- 
litica (8, 9, 50), adherence to and entry into HEp-2 cells by 
Yersinia pseudotuberculosis (4), binding of Yersinia organisms 
to extracellular matrix components including fibronectin 
and/or collagen (54, 55, 63, 64), and formation of surface 
tendrils (fibrillae) (31, 39, 69). Of particular interest, with re- 
spect to its similarity to UspA2, is the fact that the native YadA 
antigen migrates with an apparent molecular weight of approx- 
imately 200,000 in SDS-PAGE (58, 69). This 200-kDa antigen 
actually represents an oligomer comprised of several 45- to 
50-kDa YadA monomers (40). 

At the level of primary structure, UspAl and UspA2 are not 
very similar to each other except in one specific region. There 
is only 22% identity between UspAl residues 1 to 450 and 
UspA2 residues 1 to 240 and just 24% identity between UspAl 
residues 649 to 831 and UspA2 residues 415 to 576. In contrast, 
there is 93% identity between UspAl residues 498 to 638 and 
UspA2 residues 271 to 411 (Fig. 7). Furthermore, these two 
regions both contain the 23-residue peptide that may contain 
the epitope that binds MAb 17C7 (Fig. 2 and 6), with this 
peptide being repeated once in UspAl (Fig. 2). The genetic 
basis for this apparent duplication of DNA internal to both 
genes is not known at this time. 

The available data indicate that M. catarrhalis 035E ex- 
pressed both UspAl and UspA2. Southern blot analysis using 
probes specific for uspAl and uspA2 revealed that other dis- 
ease isolates of M catarrhalis each possessed two distinct chro- 
mosomal DNA fragments that hybridize with these probes 
(data not shown). This latter result suggests that most disease 
isolates of this pathogen have the potential to express both 
UspAl and UspA2. Determination of whether all strains of M 
catarrhalis simultaneously express both of these macromole- 
cules will require the development of the UspAl- and UspA2- 
specific antibody probes mentioned above. 

The likelihood that M catarrhalis expresses both of these 
proteins necessitates reevaluation of published reports con- 
cerning the antigenic and immunogenic properties of the 
UspA protein. Antibodies to UspA have been demonstrated to 
be present in convalescent-phase sera from patients with doc- 
umented M. catarrhalis pneumonia (27), providing evidence 
that UspA is expressed by M. catarrhalis growing in vivo. It has 
also been suggested that UspA may play a role in the resistance 
of some M. catarrhalis isolates to killing by normal human 
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serum (66). Most recently, it was shown that immunization 
with purified UspA resulted in enhanced pulmonary clearance 
of homologous and heterologous M. catarrhalis strains from 
the lungs of mice (7). All of these previous studies need to be 
reinterpreted with respect to the identity of the antigen or 
immunogen (i.e., UspAl, UspA2, or both) being examined. 

The functions of UspAl and UspA2 in M catarrhalis remain 
to be defined. It is noteworthy that both UspAl and UspA2 
resemble prokaryotic adhesins, and the possibility that these 
macromolecules are somehow involved in the adherence of M. 
catarrhalis to human nasopharyngeal mucosa is particularly 
intriguing. It also has been suggested, in a preliminary report, 
that the UspA protein may be involved in binding of vitronec- 
tin and in complement resistance (66). Direct investigation of 
the possible involvement of the UspAl and UspA2 proteins in 
the interaction between M. catarrhalis and components of both 
the human respiratory tract and the complement system should 
now be feasible. 
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REFERENCE 
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TITLE 
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PUBMED 
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AUTHORS 
TITLE 
JOURNAL 



REMARK 
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source 



Protein 



CDS 



AAB96359 832 aa linear BCT 19-JUN-2000 

high molecular weight outer membrane protein [Moraxella 
catarrhalis] . 
AAB96359 

7\AB96359.2 01:8572547 

locus MCU57551 accession U57551.2 

Moraxella catarrhalis 
Moraxella catarrhalis 

Bacteria; Proteobacteria; Gammaproteobacteria; Pseudomonadales; 
Moraxellaceae; Moraxella. 

1 (residues 1 to 832) 

Aebi,C., Maciver,I., Latimer, J . L . , Cope,L.D., Stevens , M. K. , 
Thomas, S.E., McCracken, G . H . Jr. and Hansen, E.J. 

A protective epitope of Moraxella catarrhalis is encoded by two 
different genes 

Infect. Immun. 65 (11), 4367-4377 (1997) 

98013056 

9353007 

2 (residues 1 to 832) 
Hansen, E. J. 

Direct Submission 

Submitted ( 03-MAY-1996) Microbiology, University of Texas 
Southwestern Medical Center, 6000 Harry Hines Blvd., Dallas, TX 
75235, USA 

3 (residues 1 to 832) 
Hansen, E.J. 

Direct Submission 

Submitted ( 19- JUN-2000 ) Microbiology, University of Texas 
Southwestern Medical Center, 6000 Harry Hines Blvd., Dallas, TX 
75235, USA 

Sequence update by submitter 

On Jun 19, 2000 this sequence version replaced gi : 2772586 . 
Method: conceptual translation. 

Location/Qualif iers 

1. .832 

/organism= "Moraxella catarrhalis" 
/strain="035E" 
/db_xref="taxon:480" 
1. .832 

/product="high molecular weight outer membrane protein" 
/name="UspAl" 
1. .832 

/gene="uspAl " 

/coded_by="U57551.2:321. .2819" 
/transl table=ll 



ORIGIN 
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1 mnkiykvkkn 

61 gvnnnneapg 

121 gggsnneatn 

181 agvenqanae 

241 netagkqatt 

301 avngsqlhal 

361 dvtdnqqddi 

421 eldkevgvls 

481 nninniyela 

541 dlaaynelqd 

601 diktlakvsa 

661 hadiqdkqil 

721 inetnnrqdq 

781 vlfgsgyhng 
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LOCUS AAB96391 576 aa linear BCT 19-JUN-2000 

DEFINITION ubiquitous surface protein A 2 [Moraxella catarrhalis] . 

ACCESSION AAB96391 

VERSION AAB96391.1 GI: 2735093 

DBSOURCE locus MCU86135 accession U86135.2 

KEYWORDS 

SOURCE Moraxella catarrhalis 

ORGANISM Moraxella catarrhalis 

Bacteria; Proteobacteria; Gammaproteobacteria; Pseudomonadales ; 
Moraxellaceae; Moraxella . 

1 (residues 1 to 576) 

Aebi,C., Maciver,I., Latimer , J. L . , Cope,L.D., Stevens, M. K. , 
Thomas, S.E., McCracken, G . H . Jr. and Hansen, E.J. 

A protective epitope of Moraxella catarrhalis is encoded by two 
different genes 

Infect. Immun. 65 (11), 4367-4377 (1997) 
98013056 
9353007 

2 (residues 1 to 576) 
Hansen, E. J., Aebi,C. and Cope,L.D. 
Direct Submission 

Submitted (21- JAN-1 997 ) Microbiology, UT Southwestern Medical 
Center, 6000 Harry Hines Blvd., Dallas, TX 75235-9048, USA 

3 (residues 1 to 576) 
Hansen, E. J., Aebi,C. and Cope,L.D. 
Direct Submission 

Submitted ( 19- JUN-2000 ) Microbiology, UT Southwestern Medical 
Center, 6000 Harry Hines Blvd., Dallas, TX 75235-9048, USA 
Sequence update by submitter 
Method: conceptual translation. 

Location/Qualif iers 
1. .576 

/ organism=="Moraxella catarrhalis" 
/strain="035E" 
/db_xref-"taxon: 4 80" 
Protein 1..576 

/product="ubiquitous surface protein A 2" 
/name="UspA2 ; high molecular weight outer membrane 
protein" 
CDS 1..576 

/gene="uspA2" 

/coded_by="U86135.2: 614 . .2344" 
/transl table=ll 
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ORIGIN 



1 mktmkllplk iavtsamivg Igatstvnaq vveqffpnif fnenhdeldd ayhnmilgdt 
61 aivsnsqdns tqlkfysnde dsvpdsllfs kllheqqlng fkagdtiipl dkdgkpvytk 
121 dtrtkdgkve tvysvttkia tqddveqsay srgiqgdidd lydinrevne ylkathdyne 
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181 rqteaidaln kassantdri dtaeeridkn eydikalesn veegllelsg hlidqkadlt 

241 kdikalesnv eegllelsgh lidqkadltk dikalesnve eglldlsgrl Idqkadiakn 

301 qadiaqnqtd iqdlaaynel qdayakqqte aidalnkass entqniaknq adianninni 

361 yelaqqqdqh ssdiktlaka saantdriak nkadadasfe tltknqntli ekdkehdkli 

421 tanktaidan kasadtkfaa tadaitkngn aitknaksit dlgtkvdgfd grvtaldtkv 

481 naldtkvnaf dgritaldsk vengmaaqaa Isglfqpysv gkfnataalg gygsksavai 

541 gagyrvnpnl afkagaaint sgnkkgsyni gvnyef 
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IpObp 2912 2931 2956 2960 2959 2975 





Replac( 
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Figure 2A 

Identity to SeqID No:l is indicated by a dot. 

* 20 * 40 * 
Seqidl : ATGCGTAATTCATATTTTAAAGGTTTTCAGGTCAGTGCAATGACAATGGC : 50 
Seqicl3 : : 50 



Seqidl 
SeqidS 



60 * 80 * 100 

TGTCATGATGGTAATGTCAACTCATGCACAAGCGGCGGATTTTATGGCAA 



100 
100 



cz 

CD 



* 120 * 140 * 
Seqidl : ATGACATTACCATCACAGGACTACAGCGAGTGACCATTGAAAGCTTACAA : 150 
Seqid3 : G : 150 



ro 

CO 



4^ 



160 * 180 * . 200 
Seqidl : AGCGTGCTGCCGTTTCGCTTGGGTCAAGTGGTGAGCGAAAACCAGTTGGC : 200 
Seqid3 : GCA : 200 



* 220 * 240 * 
Seqidl : TGATGGTGTCAAAGCACTTTATGCAACAGGCAATTTTTCAGATGTGCAAG : 250 
SeqidS : : 250 



260 * 280 * 300 
Seqidl : TCTATCATCAAGAAGGGCGTATCATCTATCAGGTAACCGAAAGGCCGTTA : 300 
Seqid3 : : 300 



Seqidl 
Seqid3 



* 320 * 340 * 

ATCGCTGAGATTAATTTTGAGGGCAATCGCTTAATTCCAAAAGAAGGTCT 



350 
350 



Replacement Sheet 



Figure 2B 



360 * 380 * 400 
Seqidl : ACAAGAAGGGCTAAAAAATGCTGGCTTAGCTGTGGGTCAACCACTAAAAC : 4 00 
Seqid3 : : 4 00 



* 420 * 440 * <r> ^ 

Seqidl : AAGCCACAGTACAGATGATCGAAACCGAGCTTACCAATCAATATATATCA : 4 50 S ^ 



Seqid3 : : 450 ^^ 



460 * 480 * 500 
Seqidl : CAAGGCTATTATAATACCGAAATTACTGTCAAACAGACGATGCTTGATGG : 500 
Seqid3 : : 500 



CO 

ro 

CO 



* 520 * 540 * 
Seqidl : TAATCGTGTTAAGCTTGATATGACCTTTGCTGAAGGTAAACCTGCACGGG : 550 
Seqid3 : : 550 



560 * 580 * 600 

Seqidl : TGGTTGATATTAATATCATTGGCAATCAGCATTTTAGCGATGCAGATTTG : 600 

Seqid3 : : 600 

* 620 * 640 * 

Seqidl : ATTGATGTGCTTGCGATTAAGGATAATAAAATCAATCCACTGTCTAAAGC : 650 

Seqid3 : : 650 



660 * 680 * 700 
Seqidl : TGACCGTTATACTCAAGAAAAGCTGGTGACCAGTTTAGAGAATTTGCGTG : 700 
Seqid3 : : 700 

* 720 * 740 * 

Seqidl : CTAAATATCTCAATGCAGGGTTTGTGCGTTTTGAGATT7VAAGATGCTAAG : 7 50 




Replace 
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Figure 2C 

SeqidS : : 750 

760 * 780 * 800 
Seqidl : CTTAATATTAATGAAGATAAAAACCGTATCTTTGTTGAGATTTCATTGCA : 800 
Seqid3 : : 800 



* 820 * 840 * 

Seqidl : TGAAGGTGAGCAATATCGCTTTGGACAGACACAGTTTTTGGGTAATTTAA : 850 fri ^ 

Seqid3 : : 850 ^ 5> rn 

^ ^ o 

^ 1 ^ 

860 * 880 * 900 ^ 

Seqidl : CTTATACTCAAGCAGAACTTGAGGCACTGCTTAAATTCAAAGCAGAAGAA : 900 S S - 

ro V 

Seqid3 : : 900 S 



* 920 * 940 * 
Seqidl : GGGTTTTCACAAGCCATGCTTGAGCAAACAACAAACAATATCAGTACCAA : 950 
SeqidS : : 950 



960 * 980 * 1000 
Seqidl : ATTTGGTGACGATGGCTATTATTATGCTCAAATCCGTCCTGTAACACGCA : 1000 
SeqidS : : 1000 



* 1020 * 1040 * 
Seqidl : TTAATGATGAAAGTCGTACGGTTGATGTGGAATATTATATTGACCCTGTA : 1050 
SeqidS : : 1050 



Seqidl 
SeqidS 



1060 * 1080 * 1100 

CACCCTGTCTATGTACGCCGTATTAATTTTACAGGTAACTTTAAGACCCA 



1100 
1100 



Replacement Sheet 



Figure 2D 



* 1120 * 1140 * 

Seqidl : AGATGAAGTACTCCGTCGTGAGATGCGACAACTTGAAGGTGCGTTGGCAT : 1150 

SeqidS : : 1150 

1160 * 1180 * 1200 

Seqidl : CTAATCAAAAAATCCAGCTGTCTCGTGCACGCTTGATGCGGACTGGGTTT : 1200 

Seqid3 : : 1200 



Seqidl 
Seqid3 



* 1220 * 1240 * 

TTTAAACATGTTACCGTTGATACTCGTCCAGTACCCAACTCACCTGATCA 



1260 * 1280 * 1300 
Seqidl : GGTTGATGTAAATTTTGTGGTTGAAGAACAACCTTCAGGATCATCAACCA 
Seqid3 : 

* 1320 * 1340 * 
Seqidl : TCGCAGCAGGCTACTCTCAAAGTGGTGGTGTAACTTTTCAATTTGATGTT 
Seqid3 : 

1360 * 1380 * 1400 
Seqidl : TCTCAAAATAACTTTATGGGTACAGGTAAGCACGTCAATGCTTCGTTTTC 
Seqid3 : 



1250 
1250' 



1300 
1300 



1350 
1350 



1400 
1400 



CO 
m 

m 



ro 

CO 

crr> 



3> 
d 



C3 
CO 



* 1420 * 1440 * 
Seqidl : TCGCTCTGAGACCCGTGAGGTGTATAGTTTGGGTATGACCAACCCATACT : 1450 
Seqid3 : : 1450 



Seqidl 
Seqid3 



1460 * 1480 * 1500 

TTACCGTAAATGGCGTCTCGCAAAGCTTGAGTGGCTACTATCGTAAAACC 



1500 
1500 
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Figure 2E 



* 1520 * 1540 * 

AAGTATGATAACAAGAACATTAGTAATTATGTACTTGATTCTTATGGTGG 



1550 
1550 



CD CD 



Seqidl 
Seqid3 



1560 * 1580 * 1600 

CTCATTAAGCTATGGATATCCAATTGATGAAAATCAACGCATAAGCTTTG 



1600 
1600 



CD 



Seqidl 
SeqidS 



* 1620 * 1640 * 

GTCTGAATGCTGACAATACCAAGCTTCATGGCGGTCGTTTTATGGGCATT 



1650 
1650 



1660 * 1680 * 1700 

Seqidl : AGTAATGTCAAGCAGCTGATGGCAGATGGTGGCAAAATTCAAGTGGATAA : 1700 

Seqid3 : : 1700 

* 1720 * 1740 * 

Seqidl : TAATGGCATTCCTGATTTTAAGCATGATTACACAACCTACAATGCCATTT : 17 50 

SeqidS : : 1750 



1760 * 1780 * 1800 
Seqidl : TGGGGTGGAATTATTCAAGTCTAGATCGCCCTGTATTTCCAACCCAAGGC : 1800 
SeqidS : : 1800 



* 1820 * 1840 * 
Seqidl : ATGAGTCATTCTGTAGATTTGACGGTTGGTTTTGGTGATAAAACTCATCA : 1850 
SeqidS : : 1850 



Seqidl 



1860 * 1880 * 1900 

AAAAGTGGTTTATCAAGGCAATATCTATCGCCCATTTATCAAAAAATCAG 



1900 




Replacement Sheet 

Figure 2F 

SeqidS : : 1900 

* 1920 * 1940 * 
Seqidl : TCTTGCGTGGATACGCCAAGTTAGGCTATGGCAATAATTTACCATTTTAT : 1950 
Seqid3 : : 1950 ^ 



1960 * 1980 * 2000 



^ = m 

— ' ^ 

m m 

Seqidl : GAAAATTTCTATGCAGGCGGCTATGGTTCGGTTCGTGGCTATGATCAATC : 2000 ^ ^ 

Seqid3 : : 2000 l?'^ S IT 

r" 

CO w 

* 2020 * 2040 * 
Seqidl : CTCTTTGGGTCCACGCTCACAAGCCTATTTGACAGCTCGTCGTGGTCAAC : 2050 
Seqid3 : : 2050 



2060 * 2080 * 2100 
Seqidl : AAACCACACTAGGAGAGGTTGTTGGTGGTAATGCTTTGGCAACTTTCGGC : 2100 
SeqidS : : 2100 



* 2120 * 2140 * 
Seqidl : AGTGAGCTGATTTTACCTTTGCCATTTAAAGGTGATTGGATAGATCAGGT : 2150 
SeqidS : : 2150 



2160 * 2180 * 2200 
Seqidl : GCGTCCAGTGATATTCATTGAGGGCGGTCAGGTTTTTGATACAACAGGTA : 2200 
SeqidS : : 2200 



Seqidl 
SeqidS 



* 2220 * 2240 * 

TGGATAAACAAACCATTGATTTAACCCAATTTAAAGACCCACAAGCAACA 



2250 
2250 




2260 * 2280 * 2300 
Seqidl : GCTGAACAAAATGCAAAAGCAGCCAATCGCCCGCTACTAACCCAAGATAA : 2300 
SeqidS : : 2300 



* 2320^ * 2340 * 
Seqidl : ACAGTTGCGTTATAGTGCTGGTGTTGGTGCAACTTGGTATACGCCCATTG : 2350 
Seqid3 : : 2350 



2360 * 2380 * 2400 
Seqidl : GTCCTTTATCTATTAGCTATGCCAAGCCATTGAATAAAAAACAAAATGAT : 2400 
Seqid3 : : 2400 



i i 

CO 



Seqidl 
Seqid3 



* 2420 * 2440 
CAGACCGATACGGTACAGTTCCAGATTGGTAGTGTCTTTTAA : 24 42 
: 2442 



Replacement Sheet 
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Identity to SeqID No:2 is indicated by a dot. 

* 20 * 40 * 
Seqid2 : MRNSYFKGFQVSAMTMAVMMVMSTHAQAADFMANDITITGLQRVTIESLQ : 50 
Seqid4 : A : 50 



Seqid2 
Seqid4 



Seqid2 
Seqid4 



60 * 80 * 100 
SVLPFRLGQVVSENQLADGVKALYATGNFSDVQVYHQEGRIIYQVTERPL 
A 



* 120 * 140 * 

lAEINFEGNRLIPKEGLQEGLKNAGLAVGQPLKQATVQMIETELTNQYIS 



100 
100 



150 
150 



m 

— I 
m 



CO 



3> 
d 
en 



rr 
C 
n 

t 



160 * 180 ^ 200 

Seqid2 : QGYYNTEITVKQTMLDGNRVKLDMTFAEGKPARVVDINIIGNQHFSDADL : 200 

Seqid4 : : 200 

■k 220 * 240 * 

Seqid2 : IDVLAIKDNKINPLSKADRYTQEKLVTSLENLRAKYLNAGFVRFEIKDAK : 250 

Seqid4 : : 250 

260 * 280 * 300 

Seqid2 : LNINEDKNRI FVEISLHEGEQYRFGQTQFLGNLTYTQAELEALLKFKAEE : 300 

Seqid4 : : 300 



Seqid2 
Seqid4 



* 320 * 340 * 

GFSQAMLEQTTNNISTKFGDDGYYYAQIRPVTRINDESRTVDVEYYIDPV 



350 
350 
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— 1 

360 * 380 * 400 c5 

Seqid2 : HPVYVRRINFTGNFKTQDEVLRREMRQLEGALASNQKIQLSRARLMRTGF : 4 00 <^ ^ 

m 

* 420 * 440 * S S 

s 

Seqid2 : FKHVTVDTRPVPNSPDQVDVNFVVEEQPSGSSTIAAGYSQSGGVTFQFDV : 4 50 K5 

CO 

Seqid4 : : 450 3 



Seqid4 : : 400 



460 * 480 * 500 

Seqid2 : SQNNFMGTGKHVNASFSRSETREVYSLGMTNPYFTVNGVSQSLSGYYRKT : 500 

Seqid4 : : 500 

* 520 * 540 * 

Seqid2 : KYDNKNISNYVLDSYGGSLSYGYPIDENQRISFGLNADNTKLHGGRFMGI : 550 

Seqid4 : : 550 



560 * 580 * 600 
Seqid2 : SNVKQLMADGGKIQVDNNGIPDFKHDYTTYNAILGWNYSSLDRPVFPTQG : 600 
Seqid4 : : 600 



* 620 * 640 * 
Seqid2 : MSHSVDLTVGFGDKTHQKVVYQGNIYRPFIKKSVLRGYAKLGYGNNLPFY : 650 
Seqid4 : : 650 



660 * 680 * 700 
Seqid2 : ENFYAGGYGSVRGYDQSSLGPRSQAYLTARRGQQTTLGEVVGGNALATFG : 7 00 
Seqid4 : : 700 



* 720 * 740 * 

Seqid2 : SELILPLPFKGDWI DQVRPVIFIEGGQVFDTTGMDKQTIDLTQFKDPQAT 



750 



Replacement Sheet 
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Seqid4 : : 750 



760 * 780 * 800 
Seqici2 : AEQNAKAANRPLLTQDKQLRYSAGVGATWYTPIGPLSISYAKPLNKKQND : 800 
Seqid4 : : 800 



Seqid2 : QTDTVQFQIGSVF : 813 1^ F-/-^ FT l\ /r-r\ 

Seqid4 : : 813 RECEIVED 

AUG 1 4 2003 

TECH CENTER 1600/2900 
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3Sj6KD 
31 KD 
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14.4 KD 
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260 KD 



98 KO 



64 KD 
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PDSsible Dissociation of the Heparin-binding and Mitogenic 
Activities of Heparin-binding (Acidic Fibroblast) Growth Factor-1 
from Its Receptor-binding Activities by Site-directed Mutagenesis 
of-a Single Lysine Residue 

Wilson H. Burgess/ Anne M. Shaheen,* Mark Ravera.^ Michael Jaye,* Patrick J. Donohue * 
and Jeflfrey A . Winkles * ' 

•Uboracory of MoJccular Biology, Jerome H. Holland Laboratory for the BiomedicaJ Sciences, American Red Cross, 
Roclcville, Maryland 20855; and ^Rorer Biotechnology, Inc.. King of Prussia. Pennsylvania 19406 



Abstract, The fibroblast or heparin-binding growth 
factors (HBGFs) are thought to be modulators of cell 
growth and migration, angiogencsis, wound repair, 
ncurite extension, and mesoderm induction. A better 
understanding of the structural basis for the different 
activities of these proteins should facilitate the devel- 
opment of agonists and antagonists of specific HBGF 
activities and identification of the signal transduction 
pathways involved in the mechanisms of action of 
these growth factors. Chemical modification studies of 
Harper and Lobb (Harper, J, W., and R. R Lobb. 
1988, Biochemistry, 27:671-678) implicated lysine 132 
in HBGF-1 (acidic fibroblast growth factor) as being 
important to the heparin-binding, receptor-binding, 
and mitogenic activities of the protein. We changed 
lysine 132 to a glutamic acid^^ residue by site-directed.^:, 
mutagenesis of the human cDNA and expressed ^e 
mutant protein in Escherichia coli to obtain sufficient 
quantities for functional studies. Replacement of this 
lysine with glutamic acid reduces the apparent affinity 



of HBGF-1 for immobilized heparin (eluies at 0.45 M 
NaCl vs. I.I M NaCI for wild-type). Mitogenic assays 
established two points: (a) human recombinant HBGF-1 
is highly dependent on the presence of heparin for op- 
timal mitogenic activity, and {b) the change of lysine 
132 to giutarmc acid drastically reduces the specific 
mitogenic activity of HBGF-1. The poor mitogenic ac- 
tivity of the mutant protein does not appear to be due 
to a reduced affinity for the HBGF receptor. Similariy, 
the mutant HBGF-1 can stimulate tyrosine kinase ac- 
tivity and induce protooncogcne expression. Differ- 
ences in the biological properties of the wild-type and 
mutant proteins were observed in transfection studies. 
Mutant HBGF-1 expression vin transfected NIH 3T3 
^^^^Qclls did not induce the same transformed phcnotype 
" characteristic of cells expressing wild-type HBGF-1. 
Together these data indicate that different functional 
properties of HBGF-1 may be dissociated at the struc- 
tural level. 



THE heparin-binding growth factor (HBGF)' family 
presently consists of seven structurally related poly- 
peptides (3). The cDNAs for each have been cloned 
and sequenced. Two of the proteins, HBGF-1 and HBGF-2, 
have been characterized under many different names, but 
most often as acidic and basic fibroblast growth factor, 
respectively Three sequence -re la ted oncogenes have been 
identified; the hsi oncogene was discovered based on its abil- 
ity to transform NIH 3T3 cells (9, 25. 38. 45): the ini-2 on- 
cogene was first identified as a gene activated by mouse 
mammary tumor virus (7. 10, 11) and the FGF-5 oncogene 
was identified using NIH 3T3 transformation assays (46, 47). 
Recently a gene termed FGF-6 was identified by screening 
a mouse cosmid library with a human hst probe under re- 

I. AbbrrAciion used in this pa^: HBGF, hcpann-bindmg growth factor. 



duced stringency and was shown to be capable of transform- 
ing NIH 3T3 cells (32). Finally, an epithelial cell-specific 
growth factor termed KGF or FGF-7 has been identified and 
its cDNA cloned and sequenced (13). 

Functions associated with HBGF-1 and HBGF-2 include 
stimulation of miiogenesis, chemotaxis, mesoderm induc- 
tion, neuriie extension, and plasminogen activator activity. 
These HBGFs also induce angiogenesis in vivo and acceler- 
ate wound repair (for reviews see references 3, 18, 27, 36). 
The mechanisms by which HBGFs promote these functions 
are poorly understood but may include activation of protein 
tyrosine kinase activity (8. 15, 20), phosphorylation of phos- 
pholipase C-y (6j, and activation of immediate-early gene 
transcription (17). In addition, both HBGF-1 and HBGF-2 
have been shown to be relatively resistant to degradation af- 
ter internalization by receptor-mediated endocvtosis fI4. 24. 



Further ud^rn ,CaX''!' after as many as 24 h. 
been observedT2 35) '^^'^^"O" HBGF-2 has 

HB^cT^titrrS^^^^^^^ or .he 

tain the growth fector^ ;,nH T . •^at con- 

of the broad specj^o 'aSl, f "''"'"'^ 
significance thaVcan be anHhu, T I biological 
littJe is known reaSSin^ ,h " '° "^^Fs. relatively 

aJ. (I) reported the syZc is Z^^I^^^'^'T' ^"'^ " 

encompassandoverSpre?nrir.c '^'^ '°««*«^^ 
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with labeled liganSaTaib" " " '•'"'^ '^°'"P<=«'= 

is found at thif posilJoY^^'SrinTH's^F^rr^^'^"^ 
cies characterized to date Tooll 5 "BGF-2 of all spe- 
cnicial role for iTsine m ^^'.^ implicatra 
of HBGF-l ^ '^^ '■ °f known functions 

a glutamic add °f •hi== Position to 

over chemical mod^ aSTn ^"'^ ^''^''""^g" 
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'ion of othir lys!n« and '"o^^ifi"- 
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ftil in the design of a rat on u '"^ ""'"'"^'y "se- 

ment of lysine 1 32 orHB^ 1 ^j^monstrate that replace- 
significantly its appa em ^'""^'^ "^'^ 
and its maogentc cXac^ Hi^thT"'"^ "^P^"" 
the mutant for high amnZccTs7X' "'"'"■'>''°f 
altered. When assaved^l^h. receptors appears un- 
di/rerence in IT^^ dtu't'SG^ ""^'^ 
-ty is most appareni mutanrHRrp^ ' tnitogcnic activ- 
kinase activity and nZce 1^^ """"'''^ 'y^sine 
tional differen'ces be^een thTlTt^S? 
are also apparent after tranSn oTrONA ^^^'^ 
tors into NIH 3T3 fibroblasts expression vec- 



Materials and Methods 
fdateriais^ "^^ 



'C»Js (P.sca„*,y. n;). All reagents for 7^^^ Chen,- 
ms .v.^ fn,„ Hoefer Science Z^r^^T^Zfr.^^'''' 
*ere purchased from Aoolierf Bi^cZ!. ""^ a^no acid $eiquencii» 

Height. ID. The rabbST^;^G Cotp. (AriingS^ 
dona] anu-phospholipase C-v anlibJ^ ' Poly- 

plas..c*are wcr purchased from GibcTu J^n -"I^ 
High molecular weight molecular '-^*~""'"« 'Grand Island. NY) 
'RichmotKl. CA,. InCrlTe^^se^spN^'/r^'"-'^^'""^ 

(Amend, Red Cross). Tlu, pla,mid by R. fwugh 
.oigonucleotidciasse^esin^'S^r^^^^^ 

Pla«n,d expressing mu.«« HBGF ™ of pKK233-2. The 

amino Kid position 132 oI32p» M,? °f "y«i«»e at 

MI3mp|g. Single.str,«ied,empU,,X^,'^''°7 J ^" 
tide^iitcted in vitro mutageneses D^br.^^!?!'"*' tbroligonucleo- 
-mo £. coli TC-i cells ai^^e DNA was a«,formed 

. dideoxy sequencing. Tl-e mutated HBGF? dna "^'^ 
c.P^ss.on vector pKK223-3 „s.ng "^'Z^^K^Tf^ 

yduction and Purification of Recombinant Proteins 

recombinant plasmids were S„'^^°tha? "'.,1''''°' '^"8 «he 
'a.ning 100 ^g/ml ampicillfnTfr fh „v ^'^ ^ ''"^ 
grown until .he A,„'reached ^ , T.^ ' """" ^ "'"""^ 
gaJactos.de was added to I mM. Cells' werl com' ,J?°kIL"' "°P™Py"*^o.fl- 
frozen a. -80-C for subsequent gr^TL?n 

T>e frozen cell Dell«. ■> ^ ^""^ punficauon, 

of hen egg lysozyme in the l2cbl^^:J° Tj'"'"''- ^ ^''^ «"""on 
were mixed „ rc for 45 m^The ! '° '° "^'^^ "^^ 
mum intensity using a large probe !„H f ,A " ^^^led at maxi- 



Sepharose ai 4'C w,(h end-over-ctxJ mixing for 2 h. The resin was eluted 
baichwise usinj a tiniertd glass funnel and successive washes of (he same 
buffer containing 0. 0.1. 0.5. 0.65. and 1.5 M NaCl. 

The wild-fype recombinam HBGF-I eluied wiih the 15 M NaCI wash 
The mutant was eluted with the 0.5 M NaCI wash. Although the wild-type 
^ P"'' heparin-Sepharose chromatography, the 

mutant HBGF I constituted only 10-20% of the 0.5 M NaCI wash Both 
preparations were punfied to >95 % purity using reversed phase HPLC (4 ) 
The revcr^ed-phase punfied fiutcrial was used for all reponed studies. 

Characterization of Recombinant Proteins 

hUtp^'i'^"""' P.""'*'*' ''^'"binant human wild-iype and mutant 
HBGF-l werc^ia^yxed by SDS-PACE. amirK. acid^ujysis. ^no tenninal 
sequencing, peptide mapping, amino acid sequencing of (he peptide en- 
compassing U« mutated residue. Protein concen(r«io,ii were ^^„ed 
^OTino acid anaJysis. AJiquots of wild-type ud muun( HBG W were sub- 
^ed to "jl^tiophoresis using (he SDS-PAGE system of Laemmii f26). A 
15* ac,ylamde^o.4« /V.Ar-methylcncbisacfylamide solution was poly- 
merued in a Hoder mini-gel apparatus and electrophoresis was carried out 
at a constant 200 V. Protein was visualized by staining the gel with 0 1 % 
Co«Mss« blue R.250 in 50« me,ha™,l. I0» gl*JL«ic^id. «rf de 

, Mrolyzed with argon-purged, constani boUing 6 N HCI at 
MS C for 18 h using a Pico-Tag workstauon OVaters Associates. Milford 
'^'"'^''^ Phenylisothiocyanate and sepa- 

^ue^ ^ *^ Amino acid 

»«,ue«« were established using a protein sequencer (model 477A; Ap- 

SSl i' Edman chemistry and an on-li^ 

Son ^.h^!L^ '^'"^ """""8 recombinant protein after 

SZl K^u^^"^'^,"^^^ " ' ratio of enzyme to protein 
^re H^^C^. M in"'^ '^^ " " P''^"^ using a 'micro. 

«e^^r k"^!^'^^- '^PP"** Biosystems. Inc.). Theappropri- 

fideK-^r'' "^t "^"^ ^^y^' '° "tablish the 

fidelity of expression of the wild-type and mutant HBGF-I vectors 



Stability Studies 

^Z*^!^^^ "'*!'^ recombinant proteins were prepared by growing bac- 

point (he «IU were collected by cemrihigation. They were resuspeoded in 
M9 minimal medium/1.5* Uria broth and I^HIIeucine (140 

Taa^d^r n " ""'"'ir' P^"*"" ' 'sopropylthio-fl- 
»bove. The punfied. labeled growth factors were incubated for 48 h at iTCr- 
«Ae prwoKe of media (DMEM containing 10% calf serx.m).that4«.d been " - 

^T^^iTSi'L^n^pT P^l"'" factor-containing media RAM Gel Blot Analysis 

was analyzed by SDS-PAGE and autoradiography 



Competition for Binding and Cross-Linking to Cell 
Surface Receptors 

Bovme brain-denved HBGF-I (4) wis labeled with '"I using inunobiliierf 
lactoperoxidase and biologically active, labeled ptxxeio wts isoUl«d us^ 
hepann-Sepharose as described (16). .Confluent NIH 3T3 celli in 24--«m 
pU(es *e« jenirn sta/ved for 24 h before biiKUng nperunems in DMEeoo- 
taining 0.5 % caJf senrni. The cells were WMhed and inciibued with DME 
contaimng 5 U/mJ heparin. 0.5% BSA. and 25 mM Hepes. pH 7.2 (bindiag 

< .V. 7J unlabeled wUd-type or mutant HBGF-J in the pttsence of 
5 U/ml hepann as indicated in die figtue legend. The cells were iacubwed 
on ice lor % nun. The plates were aspirated and wuhed four times with 
binding bufler. The cells were then incubated for 20 min at 4 *C with | ml 
of 03 mM disuccuumidyl suberaie in PBS. The cross-linker ms then asm- 
rated off and (he reaction quenched by adding 2j0 M THf-HQ. pH gfl ^he 
^^.Z* *^ fiom the pUies and pdk^ for 10 , 

at ISiWO*. The pellets were extracted with 100 fil of SO mM Tris I mM 
EDTA. 200 mM NaCI. 10% Triton X-lOO^ ttl ^ 

min a( 15MQ g. The supema(ants were removed aiid mued with ut equal 

volume of Laemmli sample buffer for StSf^^GE' analysfs " * 

Stimulation of Protein Tyrosine Kinase Activity 

NIH 3T3 cells were grown to conaueoce in 100 ffla dishes and serum 
sjarved « described above. The cells w«re (hen exposed to dUuem lA or 
10 ng/ml of wUd-type or mu(ao( HBGF-1 for 10 tnin at 37*C The cells 
voshed once with cold PBS (hen lysed in buffer com«inii« 10 mM 

100 |,M sodium orthovanadare. W% Triton X-lOa I mM pb»y^^touJ- 
fonyl fluoride. pH 74. The ceUs w*re scraped from thtp^T^^ 

at 0.000* for 10 min at 4-C and the supematanis «t« miiid wtthwWl 
volume of 2x Uemmll sample buffer. Samples (normalized to cell mm- 
ben were subjected to PAGE in the presence of SDS. The pnxeins were 
transferred to niuocellulose and immunoblotted wi(h anti-pbo$pbo(vn>siiie 
antibodies as descnbed (15) The blots were incubated wittTSTprotein A 
and phosphotyrosme<ontaining proteins were visualized by «utoradioKn- 
phy. In some experiments the initial ceU lysates w«re incubated wiSTpre- 
bound anti-phosphoUpase C-y antibody/protein A-Sephiiwc otMnpla Oi) 
V '.^ *^ The beads were w«hed wi(h 20 mMlfcp«^°riton 
X-10<X 150 mM NaCI. 10% glycerol. pH 7.5. ImmunoprecKedptw^ 

to PAGE and Western blotting with ami-phospho»yrosine antibodies as de- 
scnbed above. 



Mitogenic Assays 

■ ^'L'Z'^""'JT""^ wild-type and mutant recombinant HBGF-I 
were detemuned by measuring ihe.r ability to stimulate DNA synthesis ,n 
dod^eli,. r ' P""'f"a«ion of human umbilical vem en- 

ofl*Hhh H dc'crmined by measunng the amount 

Ld«^Y^,'"!l'« 'n'T'P""'"* ^""^y- NIH 3T3 cells were 

se^ed into 48-well plates and grown to near confluence in DME con.a.ning 

for 54 K u""" 'DME. 0.5% calf serum) 

ce lsL„ l*^^'"' '° '"""bated for 18 h. The 

cells we e pulsed w.th 0.5 |.Ci/ml of |'H)thymidine (25 Ci/mmol) for 4 h 

then ^ hTn "'1.*'* ^'"^ ^A. rinsed with PBS. and 

c^d-iSot^ r ^' incorporation of I'Hlthymid.ne in.o 

acid .nso ubie ma.enal determined by scintillation counting. All assays 
were pcrfonncd in tnplicaic. 

(A^lencanZ^ r"' ''L" ""^ *"e provided b> T. I^acag 

("l/^Thi^ L'^""'' '""'""^ supplemented w.th 10?! 

a^7l^m "h "'""O'lc-antimycotic. 10 U/ml hepann. 

s^ed in 3? 1?^ recombinant HBGF-I. For growth assavs. cells were 

c^iL ver oiL H "fP*"" ''1<1«<» 'o «»« ^lls. The media w^ 

cSu'^;°;t„S.„tt;: '^"'"-^ 



NIH 3T3 cells were incubaicd for 48 h in DME/0.5% FCS tod then either 
left unsUmuUtcd or sumuUted with wild-type or mutant HBGF-1 for the 
indicated times. Cells were harvested, total RNA was prepared (17) ijid- 
10 HZ of each sample was separated by electrophoresis on 1.2% agaroui rcIs 
coniajrung formaldehyde The gels were stained with ethidium bronSde 
photographed to verify that each lane contained an equal amount of un- 
dcgraded nbosomal RNA. RNA was clectrobloaed onto Zcubind nylon 
filters and cross-Unkcd by UV irradiation. The restriction fragments used 
and source of the DNA probes were as follows: (a) c-fos, It-kb Nco 1/ 
Xho I fragment of pc-/oi-l; Amencan Type Culture CoUectioo, RockvUlc 
MD; (b) c-Jun, l.5-kb Hind lU/Bam HI fragment of ph^-l; gift of P. An^ 
i'cT?''''^?^ Califonua, La iolla, CA; <c) c-myc, 1.4-kb Sst I fragmem 
of pHSR-l; ATCC; idi g I yccr aldehyde 3-phosphate dehy^lrogenase, 0.8-kb 
^iV/J^-^J pHcGAP; ATCC. The probes were Ubeled with 

I PldCTP (3.000 Ci/mmol) using a random primer labeling kit. Hybrid- 
ization and filter washes were as described (17). Blots were exposed to Ko- 
dak XAR5 film at -70*C 

Transfection of NIH in Cells with HBGF-l 
Eukaryotic Expression Plasmids 

NIH Tr3 cells in 100 nun dishes were iransfcctcd with plasmid DNA by 
the calcium phosphate prccipiution method (44). CeUs were incubated wi3i 
cither I ^g of pSV2 neo (41) or co-transfeoed with a mixture (1:10 Mg) of 
pSV2 nco and cither HBGf^I wild-type expression veaor (p267) or HBGF-I 
mutant expression vector (p268). The plasmid p267 is described in /aye ct' 
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Figure /. Scimulation of DNA synthesis in NIH 3X3 cells by wild-type and muiant HBGF-l. Cells were grown to near confluence and 
scnun siaived for 24 h as descnbed in Materials and Methods. Cells were treated with the indicated concentrations of wild-type (•) or 
mutant (a) HBGF-l. incubated for 18 h, and then pulsed with 0,5 ^Ci of I»H]thymidine/ml for 4 h. The cells were harvested and incon>0; 
raiion of radioactivity was determined. Both wUd-type and mutant HBGF-l were assayed in the presence of 0 (-4), 5 (B), or 50 U/ml 
heparin (C). , 



al. (23): p268 was constructed by replacing th€ 297m Pvu U/Bgl U fragment 
of p267 (encoding amino acids 38-155) with the corresponding region from 
the prokaryoiic expression plasmid pEl 32 using standard subclomng meth- 
ods. Cells were split to 10 dishes and uansfccted colonics were selected by 
incubaung the cells in DME. 10% calf scnim containing 500 ti^mX Geneti- 
cin. The media was changed every 3-4 d. After 4 wk, iransfected colonies 
w«re analyzed for HBGF-l expression by Western blot analysis using rabbit 
polyclonal HBGF-l-spccific antibodies and '^M-protein A as described 
above. 

Results 

Heparin-binding Properties of HBGF-l Mutant pl32E 

A drastic reduction in the apparent affinity of HBGF-l con- 
taining glutamic acid in place of lysine at position 132 was 
observed during the purification of the recombinant proteins 
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Figure 2. Ability of wild-type and muiant HBGF-1 to stimulate 
growth of human umbilical vein endothelial cells. Cells were 
seeded and cultured as described in Materials and Methods. Cell 
number after 7 d in culture in the presence of the indicated concen- 
trations of wild-type (0/«) or mutant (a/a) HBGF-l in the ab- 
sence (0/A) or presence (•/a) of 50 U/ml heparin is shown. 



from the Escherichia coli lysates. Recombinant wild-type 
HBGF-1 from E. coli lysates can be purified to near 
homogeneity with a single heparin-Sepharose step. The pro- 
tein binds the immobilized heparin during extensive washing 
widi 0.5 and 0.65 M NaCl-containing buffers and is eluted 
with a single step of 1.5 M NaCl-containing buffer. In con- 
trast, heparin-Sepharose affinity-based chromatography 
could not be used as a single purification step for the mutant 
HBGF-l. The mutant protein binds irmnobiiized heparin in 
the presence of 01 M NaCl but was eluted during the 0.5 M 
NaCI wash. Both wild-type and mutant HBGF-1 (1.5 and 0.5 
M NaCI eluates, respectively) could be purified to apparent 
homogeneity using reversed-phase HPLC. Deuuled analysis 
of the apparent affinities of the two purified proteins for im- 
mobilized heparin-Sepharose using relatively shallow, linear 
NaCI gradients indicated that the mutant HBGF-1 eluted 
with 0-45 M NaCI whereas wild-type required 1.1 M NaCI 
to be eluted (data not shown). FoV all of the assays described 
below we used revcrsed-phase HPLC purified wild-type or 
mutant HBGF-l. Protein concentrations were determined by 
amino acid analysis of preparations that had been shown to 
be the desired HBGF-1 form by peptide mapping and amino 
acid sequence analysis (data not shown). _ 

Mitogenic Properties of HBGF-l Mutant pl32E 
The ability of the HBGF-l mutant to stimulate mitogenesis 
was compared to that of the wild-type protein using two 
different assays. In the first, the ability of the two proteins 
to stimulate DNA synthesis in NIH 3T3 cells as measured 
by PHlthymidine incorporation was examined. The assays 
were conducted over A broad range of HBGF-l and heparin 
concentrations. Two important points can be made from the 
data in Fig. I. One, the wild-type HBGF-l has a dramatic 
requirement for the presence of heparin for optimal mito- 
genic activity and, two, the mutant HBGF-1 is significantly 
less potent than wild-type protein in the presence of added 
heparin. As can be seen in Fig. K the maximal difference in 
mitogenic potency was observed in the presence of 5 U/ml 
heparin (~ 30-fold). Little difference (approximately three- 
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Table I. Cell Number (x IQ-^) 

Growth factor conccntraiioii <ng/mlt 

0 0.1 0.5 1 5 10 

GLU,,; HBGF-I 1.6 16 1.3 1.2 1.7 1.4 

Wild-iype HBGF-I 1.7 2.0 1.9 2.9 12.6 16.6 



fold) between the wild-type and mutant protein is seen in the 
absence of added heparin because of the relative lack of 
mitogcnic activity of wild-type human recombinant HBGF-I 
in the absence of heparin. The possibility that the reduced 
mitogcnic activity of the mutant HBGF-1 is related directly 
to its reduced apparent affinity for immobilized heparin is 
supported by the observation thai the difference in the mito- 
genic potency between the wild-type and mutant protein is 
reduced to ~18-foId in the presence of 50 U/ml heparin. 

In the second mit'ogenesis assay the abilities of the wild- 
type and mutant proteins to support the proliferation of hu- 
man umbilical vein endothelial cells were compared. The 
results shown in Fig. 2 are consistent with those described 
above in that they demonstrate a dramatic heparin require- 
ment of the wild-type HBGF-l for biological activity and that 
the mutant HBGF-I is not able to support cell proliferation 
to the same extent as the wild-type protein. These experi- 
ments were conducted in the presence of 50 U/ml heparin 
and the endothelial cells were seeded in the presence of 10 
ng/ml wild-type HBGF-1. When growth assays were con- 
ducted in the presence of 5 U/ml heparin without wild-type 
protein during the seeding, mitogcnic deficiencies of the mu- 
tant protein were more pronounced (Table I). The results 
shown in Fig. 3 demonstrate that the reduced mitogcnic ac- 
tivity of the mutant HBGF-1 does not appear to be the result 
of any increased susceptibility of the protein to proteolytic 
digestion by components in serum or the conditioned media 
of NIH 3T3 cells. 

.Receptor-binding Activity of HBGF-l Mutant pl32E ' 
The results presented above are consistent with the observa- 



tions of Harper and Lobb (19) using bovine brain-derived 
HBGF-1 selectively methylated at lysine 132, although the 
magnitude of the reduction in mitogcnic potency (~30-fold 
for 3T3 cell assay) as compared with the ~4-fold decrease 
rcponed by Harper and Lobb (19) is significantly greater 
They also reported reduced receptor-binding activity for the 
modified protein. We examined the abilities of the wild-type 
and mutant recombinant HBGF-1 to compete with '^Ma- 
beled bovine HBGF-I for binding to cell surface receptors 
on NIH 3T3 cells at a concentration of added heparin (5 U/ 
mi) where the difference in mitogcnic potencies of the two 
proteins was greatest. 

The receptor-binding activity of the mutant HBGF-1 was 
established by competition for cross-linking of ""I-HBGF^l 
to 150,000- and 130.0(X)-A/r proteins present on the sur&ce 
of NTH 3T3 cells (16). The results shown in Fig. 4 demon- 
su-ate that the mutant HBGF-1 is similar to wild-type protein 
in its ability to compete for receptor-ligand c^s-iinking. 

The functional consequences of HBGF-1 binding to its cell 
surface receptor include stimulation of protein tyrosine ki- 
nase activity (8, 15. 20) including phosphorylation of phos- 
pholipase C-> (6). Fig. 5 A demonstrates that both wild-type 
and mutant HBGF-1 are able to increase the phosphotyrosine 
content of 150,000-, 90,000-, and 7a000-M, proteins and, 
to a lesser extent, proteins with lower relative molecular 
masses as judged by Western blot analysis with phospho- 
ty rosine-specific antibodies. The dose response and extent of 
activation is similar for the two forms of the growth &ctor. 
Stimulation of the phosphotyrosine content of phospholipase 
C-7 was examined by anti-phosphotyrosine Western blot anal- 
ysis of 3T3 cell lysaies after immunoprecipitation using anti- 
bodies that recognize phospholipase C-7. Fig. 5 B demon- 
strates the* mutant HBGF-1 shares with wild-type HBGF-1 
the ability to stimulate tyrosine phosphorylation of pho$|^o- 
lipase C-7. These data regarding stimulation of tyrosine ki- 
nase activity by wild-type and mutant HBGF-l are in good 
agreement with the receptor-binding dau described above 
but do not provide insight into the functional basis for the 
relatively poor mitogcnic capacity of this HBGF-1 mutant. 
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Figure 3. AnaJysis of the relative stabiliiy 
of wiJd-type and muiani HBGF-i in NIH 
3T3 cell -conditioned media. The wild- 
lypc and mutant proteins were labeled 
and purified as described in Materials and 
Methods. The proteins were incubated in 
the presence of NIH 3T3 cell-conditioned 
media for 48 h at 37°C and then subjected 
to SDS-PAGE. The gels were dned and 
labeled proteins visualized by autoradiog- 
raphy L^ne I contains wild-type HBGF-1 
and lane 2 mutant HBGF-1. The apparent 
molecular weights of both proteins are 
identical to that of HBGF-1 before incu- 
bation. Q 



Protooncogene Induction by Wild-Type and 
Mutant HBGF-1 

The results described above indicate that the functional prop- 
erties of the mutant HBGF-1 associated with events that oc- 
cur at the cell surface fi e. , receptor-binding and tyrosine ki- 
nase activation) are normal with respect to those of wild-type 
HBGF-1. In addition to tyrosine kinase activation, another 
early response to HBGF-1 receptor-binding is the elevation 
of protooncogene mRNA levels (17). To detcrrnine the ciFect 
of wild-type and mutant HBGF-l on protooncogene expres- 
sion. NIH 3T3 cells were serum starved and then either left 
unstimulated or stimulated with 10 ng/ml wild-type or mu- 
tant HBGF-l. Heparin (5 U/mJ) was also added to the cells 
receiving growth factor. Cells were collected at various 
times after stimulation, RNA was prepared, and levels of 
c-fos, C'jun. c-mvc, and glyceraldehyde 3-phosphaie dehydro- 
genase mRNA (as a control for the amount of RNA loaded 
in each lane) were assayed by RNA gel blot analysis. Wild- 
type and mutant HBGF-1 increased protooncogene mRNA 
levels to a similar degree; maximal levels were observed at 
30 min (c-fos. c-jun) or 2 h (c-myc) after stimulation (Fig. 
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6). The additj of heparin alone did not induce proioon- 
cogene expression. Since the niiipgcnic differences between 
the wild-type and mutant HBGF-I are more pronounced at 
lower growth factor concentrations, we also stimulated cells 
with 0.5, 1.0, 5.0, and 10 ng/ml wild-type and mutant growth 
factor (again in the presence of heparin). At all four concen- 
trations used, the wild-rype and mutant HBGF-1 were simi- 
lar in their ability to induce c-fos mRNA expression (Fig. 7). 
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Figure 4. Ability of wild-type and mutant HBGF-l to compete with 
'"Mabelcd bovine HBGF-I for cross -linJcing to 150,000- and 
130,000-mol wi cell surface receptors. NIH 3T3 cells were incu- 
bated with I ng/ml bovine '"I-HBGF-I and either 0.5, 1.0, 5.0, 
10,0, or 50.0 ng/ml of wild-type (lanes 1-5) or mutant (lanes 6-10) 
human recombinant HBGF-1 in the presence of 5 U/ml heparin. Af- 
ter incubation, the cells were treated with cross-linking reagents as 
described in Materials and Methods. The apparent molecular weights 
of cross-linked species were determined after SDS-PAGE and auto- 
radiography. The positions of two cross-linked 150.000- and 
130,000-mol wt species, which correspond to the known apparent 
molecular weights of HBGF receptors, arc indicated with arrows. 



Overexpression of Wild-Type and Mutant HBGF-I in 
Transfected NIH IB Cells 

It was demonstrated previously that overexpression of wild- 
type HBGF-1 in transfected Swiss 3T3 cells resulted in cells 
with an elongated, transformed morphological phenotype 
that grew to higher saturation densities (23). This trans- 
formed phenotype occurred even though the HBGF-l poly- 
peptide was not detectable in the conditioned media of these 
cells. We have shown that the mutant HBGF-1 is not a potent 
mitogen although it can bind receptor and initiate early 
events associated"widi miiogenicsignal transduction, lb in- 
vestigate whether the intracellular function of the mutant 
HBGF-I was altered, we examined the ability of this protein 
to induce a transformed phenotype in NIH 3T3 cells. Cells 
were either transfected with a plasmid conferring neomycin 
resistance or co -transfected with the neomycin resistance 
plasmid and wild-type or mutant HBGF-l expression vectors. 

Fig. 8 shows the results of Western blot analysis of trans- 
fected cell lysates using HBGF-l-specific antibodies. The 
Western blot analysis was normalized to cell number and 
provides the basis for our designation of relatively high or 
low levels of HBGF-l expression. The results shown in Fig. 
9 demonstrate that cells expressing a high level of wild-type 
HBGF-l (Fig. 9 B) and to some extent a low level of wild- 
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Figure 5. Stimulatioa of protein tyrosine ki- 
nase activity by wild-type and mutant 
HBGF-l. {A ) Scrum starved NIH 3T3 cells 
were cither (lane / ) unstimulated (^treated 
with S U/ml heparin and Oane 2) I ng/ml 
wild-type; (lane 3) 10 ng/ml wUd-typc; 
(lane 4) 1 ng/ml mutant; or Oane 5) 10 
ng/ml mutant HBGF-1. The cells were 
processed as described in Materials and— 
rpLQ Methods and phosphotyrosine-containing 
proteins were visualized using antiphospho- 
tyrosinc antibodies and '"I-protein A. The 
arrows indicate the positions of 150,0(X)-, 
90,000-, and 70,0(X)-nK)l wi proteins whose 
phosphotyrosine content arc increased by 
the addition of wild-type or mutant HBGF-l. 
(B) Cells were incubated as in A with the 
exception that ccQ lysates were immunopre- 
cipiiated with anli-phospholipase C-7 anti- 
bodies before Western blot analysis with an- 
ti-phosphotyrosine antibodies. Cells were 
either (lane / ) unstimulated or treated with 
(lane 2) 10 ng/ml wild-type, or (lane i) 10 
ng/ml mutant HBGF-l. The arrorw shows the 
position of a 150,000-mol wt protein whose 
phosphotyrosine content is increased by 
treatment with wild-type or mutant HBGF-l. 
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stoichiometric modification of lysine lesidue 132 (usinp 
1-154 numbenng system for full-length HBGF-1) It was < 
gcsted that modification of this residue, which is conser 
m all HBGF-I and HBGF-2 sequences reported .oX^ 
responsible for the reduced apparent affinity for immobi'li 
hepann. the reduced mitogenic capacity, and the redu< 
receptor-buiding activity of the modified protein. The rest 
fh?',^? n ' ".1",^ site-directed mutagenesis to addr 
the role of lysine 132 on the functional properties of HBGJ 
^n""^ agreement with the conclusions of Harper a 
Lobb (19). Specifically, substitution of lysSe 132foJ gl 

protein for immobilized heparin (elutes at 0.45 M NaCl cor 
pared with 1.1 M NaCl for wUd-type) and sigfo&c^^r 
duces the muogenic potency of the growth Srtor. The r 
duced mitogenic potency may be a direct consequence of th 
- reduced apparent-affinity^^of the mutanrHBGF^I forheoari 
since It has been demonstrated that the class 1 hccarir 
binding gro«ah (actors in general (19) and human IfflG^ 
m particular (22 43) are dependent on the presence oHtepa 
nn for opumaJ biological activity 

Our results do not support the notion that the leducec 
mitogenic capacity of HBGF-1 containing glutamic acid iJ, 
place oflysine at position 132 is due to reduced binding to 
ecu sur&ce receptors. The receptor-binding propStiJof 
the mutant HBGF-1 are not distinguishableftSm fh^of dte 
wiid-rype protein as judged by cross-linking ex^m^ 
(see F^. 4). In addition, the mutant HBoSl is aKS, 
duce the same pattern of tyrosine kinase phosphorylation as 
IS the wUd-type protein (see Fig. 5) and can mduce protJ! 
oncogene expression (see Fig. 6). TTie majority of the smdies 
presented here utilize a heparin concentration of 5 U/ml- the 
conccntrauon where maximal difference bct^veen the auto- 
genic activity of wild-type and mutant HBGF-l was observed 
m the 3T3 cell thymidme incorporation assay. It should be 
noted that in the absence of heparin, the mutant HBGF-1 
competes poorly with labeled wUd-type HBGR in cross- 



«^ K ^ ' •'^^'^ a more polar, elon- 

gated phenotype characteristic of transformed 3T3 cells 

r^'^'^c' T ^^'''^ «^Pr«sing neomycin re- 

mance alone (F.g. 9^) or in cells expressing relatively hish 

Tthe m J !1 '° "^^f"-' "nmunoreactivity 

m the media condiuoned by these cells and that the cells ex- 

hSV'""':' "^^^'^ of wild-type HBGF-1 show en- 
nanc«J growth in soft agar relative to untransfected cells or 

sho^n^'^'S""^ "^'^'^ '""•^^ "BGF-1 (data not 

^o!n consistent with the results of the 

rS.h''"^' ^^'^'^ demonstrate that 

tivH.T ''u°™'"'^^'^''^'^ "^^"^ "1"'^"' "BGF-1 is rela- 
tively low when compared to the wild-type protein. 

Discussion 

re^l?!^ u '"odificat'on studies of HBGF-I 

Sve^m?.?^' "^^y demonstrated tha 

rcaucuve methylauon oQiBGF-l r^,.,.i.^H 
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Figurr 7 Effect of diflcrcnl coocentiB- 
tions of wUd-typc and muunt HBGF-I 
on C'fos mRNA levels. Scnim starvtrf 
NIH 3T3 cells were cither left un- 
stimulated or treated with heparin (5 
U/ml) and (A ) 0.5 ng/ml, (B) 1.0 ng/ 
ml. (C) 5,0 ng/ml. (D) 10 ag/ml wild- 
type (wr) or mutant (mr) HBGF-I for 
the iDdicatcd time periods, RNA was 
prepared and used for RNA gel blot' 
hybridizauon using the c-fos DNA 
probe (upper panels) or glyccraldc- 
h>dc ^phosphate ddivdxtMcnase DNa 



• — * Ftgurf', Vcsicm bloi anaJysis of 
HBGF% ... NIH in cells transfcct- 
cd with wUd-typc or muiam HBGF-I 
expression plasmids. NIH 3X3 cells 
were transfected as described in 
MatcnaJs and Methods. The figure 
shows the relative levels of HBGF-! 
i mm u no react iv try present in lysatcs 
of cells transfected with wild-type 
HBGF-I flane /. clone producing 
relatively high level of HBGF-I; 
^ ' lane J, clone producing rclaiivciy 

1 9 d ^ HBGF-U normal NIH 

^ O H O 3T3 cells (iane 2), cells transfected 
with pSV2neo alone (lane 4), and 
cells transfected with mulani HBGF-I (lane 5). For each cell type, 
10* cells wtre lyscd with I ml of 2>: Lacmmli sample buffer and 
a 60-^1 aliquot was used in the Western blot. 



Unking assays (data not shown). In addition, whereas the ap- 
parent affinity of the mutant HBGF-i.for immobilized hepa- 
rin is reduced, it does bind at ionic strengths (i.e., ~0.5 M 
NaCI) that exceed those known to be physiologic. Thus, the 
data presented here indicate that the mutant can utilize the 



presence of hcpan( restore some (i.e., receptor-binding, 
tyrosine kinase activauon, and protooncogene induction) but 
not all (i.e., stimulation of ('Hlthymidinc incorporation 
into DNA and endothelial cell proliferation) of the activities 
of the wild-type protein. Similarly, it is of interest that the 
wild-type protein competes with labeled HBGF-1 for recep- 
tor-binding and induces protooncogene expression at similar 
concentrations in the presence or absence of added heparin 
yet it requires added heparin in order to promote DNA syn- 
thesis and cell proliferation (Figs. I, 2, 4, and 6; and data 
not shown). Thus, the relatively poor mitogenic activity of 
the mutant protein may be related to its reduced apparent 
affinity for heparin. The data presented here demonstrate 
that **high" affinity receptor-binding, activation of tyrosine 
kinase activity, tyrosine phosphorylation of specific sub- 
strates, and induction of protooncogene expression may be 
necessary but are not, by themselves, sufficient to sustain a 
mitogenic response to the presence of HBGF-1. These results 
are consistent with the observations of Escobedo and WU- 
Hams (12) who showed by site-directed mutagenesis of the 
PDGF receptor: and cDNA transfwrdon.thal mutantsl<»uld 
be constructed that were responsive to PDGF with respect 
to receptor tyrosine kinase activation and increased phos- 
phatidylinositol turnover but did not elicit a mitogenic re- 




Rgure 9. Morphology of NIH 3T3 cells transfected with wild-type or mutant HBGF-I expression plasmids. The figure shows micrographs 
of the same NIH 3T3 cells analyzed by Western blot analysis in Fig. 8. A shows cells transfected with pSV2neo only aiKl B-D show cells 
co-iransfccicd with pSV2nco and expression vectors for wild-type {B and D) and mutant (C) HBGF-1. The cells shown in B corrcspood 
to those expressing relatively high levels of HBGF-1 (Fig. 8. lane / ), whereas those shown in D correspond to those expressing relatively 
linic HBGF-I (Fig. 8. lane J). 
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sponsc 10 PDGF. Similarly. Scvcrinsson ct aJ. (40) used 
similar methods lo generate a system where the mutant re- 
ceptor could mediate an increase in c-/os expression in re- 
sponse to PDGF but not actin reorganization or mitogenesis 
I he mjtogemc deficiencies of the mutant HBGF-1 may be 
due .0 reduced biologicaJ stability in tissue culture medium 
r«Juccd bmding to cell surface protcogl,<:ans. an aJtered in-" 
traccUular stability, and/or an altered affinity for an intracel- 
ular receptor or binding protein. It has been established that 
the presence of heparin protects HBGF-I from thermal and 
proteolytic mactivation (28. 37). In addition, it has been 
shown that -Mabeled HBGF-I is relatively insensitive to 
ysosomal degradation after receptor-mediated cndocytosis 
[IV. There is no obvious difference in the susceptibility of 
wUd-type and mutant HBGF-1 to proteolytic cleavage by the 
condiuoncd media of NIH 3T3 cells cultured in the pre^nce 
Of 10% calf serum. However, the relative i«istanccof wild- 
type and mutant HBGF-1 to proteolyUc modification in the 
presence of target cells or after receptor-mediated endocyto- 
sis has not been established. It is also possible that the mu- 
ant protein is more susceptible than the wild type to nonpro- 
teoiytic mactivation. Further studies should reveal whether 
the altered activities of the mutant HBGF-1 are a conse- 
quence of Its reduced apparent affinity for heparin. 

In summary, the data presented here demonstrate that the 
vanous functions of HBGF-1 can be dissociated at the struc- 
tural level. The observation that site-directed mutagenesis 
can be used to produce recombinant proteins with "normal" 
receptor-binding activity and reduced niitogenic activity in- 
dicates that similar methods could be used to produce potent 
antagonists of HBGF-1. More importanUy. these resultsindi- 
cate that a may be possible through structure-function anal- 
ysis and site-directed mutagenesis to generate mutants that 
retain certain (i.e., chemotacuc. mitogcnic. or heparin- 
binding) but not other biological functions characteristic of 
the wild-type protein. Finally, whereas the data presented on 
the receptor-binding and tyrosine idnase activation proper- 
°' "'^ Pl32E miitant demonstrate that a lysine residue 
at.thi5.-position IS not critieal^ifor these functions, it is still 
jwssible that methylation of a lysine at this position could 
lead to reduced receptor-binding activity of HBGF-1 (19). 
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ICharacteristics of the amino acids as 
components of a peptide hormone 
sequencej 

J. Rudinger (Institut ftir Molblcularbiologie und.Biophi^ikf 
TechnischeHochschule/ Zurich/ Swtzerland) 



In the hvmg organism the polypeptide chains of proteins are used for the 
most diverse purposes: structural support and protection, catalysis of a 
wide range of chemical reactions, energy transduction, food storage, trans- ■ 
.port.^and-among rnany others-regulation and coordination 6y infSrma- ^ 
tion transfer (mcludmg humoral transmission by hormones). Molecules 
wuh the vaned properties required for these multifarious functions are built 
up of a mere 20 units: the protein-constituent amino acids, connected pri- 
marily m a single structural mode (a linear sequence) but finally arranged in 

1."'k"^'' ""^1° '''i''"^ size, shape and properties. 

Al hough the peptide hormones fulfil such a highly specialised role, there is 
nothing to distinguish, a priori, their sequences from other polypeptide or 
protein sequences wuh different biological functions, or no function at all 



THE AMINO ACIDS 



The proteinogenic amino acids, though few in number, exhibit between 
,^.hem a remarkable range of chemical, physical and steric features. They 
are arranged in figure 1.1 in such a way that lines can be drawn to indicate 
their classification according to various properties. For insunce, the side- 
SfnTA Jy^7P*»'''<= (0"tside the hook-shaped line) or hydrophobic 
(wuhm the hook) ; glycine, lying on the line, is uken as the reference amino 
acid, lor this purpose. 

Apin. some sidechains are-cfiemically inerK^^^^^^ 

eaCiv^iv r T"^ V ' '1?°* kinds and degrees of chemical 

fon r^/r ""^^ ^^P^^^', of substitution, hydrogen bond or salt forma- 
S ° r'i O^^y ^.'''"ifi<^tions are shown by the use of frames. 

hZ K H f '"T' "eutral. but others (shown by the lower 

right-hand frame) are charged either positively or negatively in the physio- 
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Figure I.I Schematic rcprcseniation of the 20 amino acyl residues found in proteins, 
and their classification by certain properties; for details see text 

logical pH range. Histidine may or may not be protonated under physiologi- 
cal conditions. The two basic amino acids (lysine and arginine) differ in 
their equilibrium constants (arginine being the stronger base) and so do 
the two acidic amino acids (aspartic being a somewhat stronger acid than 
glutamic). Thus, between them, the charged amino acids encompass a 
wide range of pK values. 

The lower left-hand frame encloses those sidechains which contain 
aromatic structures and exhibit corresponding special properties (n-elcctron 
interactions). Finally, the frame at the top draws attention to amino acids 
with special steric properties which affect the way in which the peptide 
chain can be Iffanged in three dimensions (its conformation or secondary 
structure). Glycihc,'witli no obtruding^sTdechain, offers a particularly high 
degree of conformational freedom, whereas the bu'':y, P-branched side- 
chains of valine and isoleucine severely restrict the way in which the peptide 
chain may fold. A still greater degree of constraint is imposed by the rigid 
cyclic structure of proline. Proline has also the special property that the 
peptide bond in which its imino group participates may have either the cis 
or the trans conformation, whereas ail other peptide bonds are normally 
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hfined to the trans geometry. The formation of disuJphide bridges between 
teine sidechains provides an even more positive way of covalently cross- 
linking and thereby stabilising the three-dimensional arrangement of 
peptide chains. 

It will Se noted that most amino acids occur in two or more of the classi- 
fying *boxes*— in other words, each generally has several different structural 
features which may be utilised in protein building alternatively or simul- 
Uneously. As a result, it is impossible to attach a unique significance to any 
residue in a sequence. A given amino acid will not by any means have the 
same 'significance' in different peptide sequences, or even in different 
jjjositions of the same sequence. 

For instance, isoleucine is found both in position 3 of oxytocin (figure 1 .2a) 
and in position 5 of angiotensin II (figure 1.2b), Whereas in angiotensin it 
may be replaced, without appreciable loss of biological activity, by other 
p-branched amino acids provided they are equally lipophilic, in oxytocin 
the steric requirements are much more stringent and even replacement by 
the diastereomeric alloisoleucinc causes a drastic fall in activity (Rudinger, 
1972; Jorgensen and Weinkam, 1973). v,- ' * ^ 

Another illustration that sidcchain 'significance* depends on 'context' is 
provided by the molecule of bradykinin (figure 1, 2c). Replacement of the 
proline in position 3 by alanine does not affect the potency of the peptide as 
assayed on the rabbit blood pressure ; obviously, the special steric properties 
of proline are of no significance in this position. On the other hand, the same 
substitution of the proline in position 2 reduces the activity to 0.5 per cent, 
and in position 7 to 0.1 per cent (Schroder and Hempel, 1964). Moreover, if 
i^r-sarcosine (A^-methylglycine) rather than alanine is used to replace proline at 
these sites, the resulting analogues are considerably more active than the 
alanine derivatives (they retain, respectively, 50 and 30 per cent of the 
activity of thfc parent compound ; Yanaihara et al,, 1966). 

We may therefore conclude that in positions 2 and 7 of the bradykinin 
sequence it is the //-alkylation of the nitrogen in the peptide backbone 
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Figure 1.2 Sequences of oxytocin (a), angiotensin !I (b) and bradykinin (c) 
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which is the important feature of the proline structu- rather than, for 
example, -he presence of its ring or its hpoph.l.c properties. 

SEQUENCE AND CONFORMATION 

The humoral mechanism of information transfer requirestha^ '.tqu^ments 
hormone on its receptor be both sensitive and ^P<^.f; .^f J.^^^^^^^^ 
can be met only by hormone-receptor binding based on """'^'P"* 

Tc io^s of complementary sites: it is ^P^'r^,!^: oZ^Gc^^^^^^ 
whJrh is 'recoenised' by the receptor in the binding process, ueneraiiy, 
;^^o™am1no a'cids of the'sequence will P-icipa-n — 
oattem In peptide molecules which are short or 

or S the pattern will often involve the- sidechains of amino 
acSs which are close together in the primary peptide sequence Ccontmua e 
ort^chn^^^^^^^^^ read'out (Schwyzer. 1972). analogous to 'sequential 
detcirminanU in antigens (Sela, 1969)). . . , ,.^,;,k-r hv a sufficient 

However in peptides whose conformation is stabilised cither by a sufficient 
nJ^t^rof rn?^amolecular. non-covalent sidecha n ^^<^^l°'JZ 
Sisulphide bonds, or both, the critical t°P°<='^^™'^ P^^™ S K^^^^^^ 

'riSg^' ^-out%na^^ -conformationar determman s)^ 

- ?n the first ca« the often.ited analogy a^--g^^^ 

in linear alphabetic script is valid, a topochemical arrangement ot he 
ipe is better likened to Chinese wnting: it is the pan.rn of the 
S^r^ctcr which conveys the meaning (figure 1.3) and not the (prescribed) 
order in which the brush strokes are made. r.K. hormone 

In cither case it should be noted that the ^^-^^^^^f j^" "J^^^f °™ "tt 
molecule in its interaction with the receptor need not be 'd«""<^' ^^/l' 
r^.^onformation in solution (cf. Rudinger and Jo5t. 1964; Rudinger. 1972). 




'Secretion* 

Figure 1 3 Eleven brush-strokes in .he order ,n which ihey are made but in random 
pattern (left) and in the pattern in which they make up .he Chmese character for 

'secretion 
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SIGNIFICANCE 

In a jiv';n molecule some amino ..,:Js or sequences obviously owe theii 
^significance' to iheir inclusion in the pattern which is directly involved 
in recognition by, and binding to, the receptor. However, the fact that the 
existence of this pattern is dependent on a conformation stabilised by 
intramolecular interactions, as discussed above, implies that other amino 
-acids or sequences contributing to this conformational stability will be no 
less 'significant' for the biological activity of the molecule. Even more 
generally, sequences contributing to those properties of the peptide which 
affect its transport and distribution, metabolic transformations, binding to 
non-receptor sites, etc., may significantly modify- its biological activity. 
In defining the relation between sequence and activity it is necessary to take 
into account all these contributions, and not merely those directly involved 
in receptor binding*. 

■■" Two separate events may be conceptually distinguished in hormone- 
receptor interaction: binding (recognition) and stimulation (initiation of 
the signal which eventually leads to the observed response). In some of the 
models proposed to account for hormone action, the process of stimulus 
generation is actually identical with the process of binding. These are variants 
of the *allosleric' model (Monod, Changcux and Jacob, 1963). which have in 
common the assumption that binding of hormone at one site modifies the 
activity of a second, topologically distinct site on the same molecule, pro- 
bably by inducing a conformational change. In other models (the 'participa- 
tion' type; Rudinger, Pli5ka and Krej^i', 1972) binding and stimulus gene- 
ration are two distinct molecular events. 

The properties of a series of oxytocin analogues modified at the tyrosine 
residue (position 2) illustrate a possible experimental approach to this 
problem and favour a 'participation* model for oxytocin. As shown in 
figure 1 .4, replacement of the hydroxyl group of this tyrosine by various 
substituents leads, in a graded manner, to loss of oxytocin-like activity and to 
the appearance of inhibitor properties. Yet the binding affinity, determined 
from pharmacological parameters (pZ)^ and pA^), is practically the same for 
the whole series of analogues, suggesting that the region of the molecule 
around position 215 involved in stimulus geheraticm-but contributes little 
to binding (see Rudinger et ai, 1972). Moreover, we have recently found that 
substitution ortho to the tyrosine hydroxyl group— for example, by iodine or 
methyl— also gives rise to inhibitors: evidently the hydroxyl group is 

•Obviously, these various functions need not and, in general, will not be ailribuiablc to separate 
and distinct sequences, but particular amino acids, sequences or topochemical regions may 
participate in several of them. 
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Transforming Growth Factor a: Mutation of Aspartic Acid 47 and 
Leucine 48 Results in Dififerent Biological Activities 

ELIANE LAZAR,t SHINICHI WATANABE/ STEPHEN DALTON, and 

MICHAEL B. SPORN 
Laboratory of Chemoprevenrion, National Cancer Institute, Bethesda, Maryland 20S92 
Received 22 July 1987/Acccp(ed 30 November 1987 

To study the rdatiooship between the prinwry structure of transforming growth factor a (TGF-a) and some 
or its functional properties (compeUtion with epidermal growth factor (EGF> for binding to the EGF receptor 
and induction of anchorage-independent growth), we introduced single amino acid mutations into the sequence 
for the fully processed, 50.amino-acid human TCF-a; Th^^wild-type and muUnt proteins were expn^ in a 
vector by ««tng a yeast a mating pheromone promoter, MuUtions of two amino acids that are conserved in the 
peptides and are located in the carboxy-terminal part of TGF-a resulted in different 
Dioiogical effecU. When aspartic acid 47 was mutated to alanine or asparaginc, biological activity was retained- 
in contrast, substitutions of this residue with serine or glutamic acid generated mutants with reduced binding 
and colony-forming capacities. When leucine 48 was muuted to alanine, a complete loss of binding and 
coiony-formmg abilities resulted; muUtion of leucine 48 to isoleucine or methionine resulted in very low 
activities. Our data suggest that these two adjacent conserved amino acids in positions 47 and 48 play different 
roles in definmg the structure and/or biological activity of TGF-a and that the carboxv terminus of TGF-a is 
involved in uiteractions with cellular TGF-a receptors. The side chain of leucine 48 appears to be crucial either 
e!!^^ ^ ? determming the biologically active conformation of TCF-a or dir«:tlv in the molecular recocnltion 
of TGF-a by its receptor. ^ 



transforming growth facior a (TGF-al is a polypepiidc of 
amino acids. First isolated from a retrovims-iransformed 
"sc cell hnc (9), it has subsequcmly been found in human 
*r cells (10. 29), in the early rat embryo (18). and 
tly in cell cultures from the pituitary gland (23). TGF-a 
rs to be closely related to epidermal growth factor 
F) stmcturally and functionally (19, 20l. The two pep- 
apparcnily bind to the same receptor, and both induce 
ragc-indcpendeni growth of ccaain non transformed 
s, such as NRK cells, in the presence of TCF-jsNlV 
Comparison of amino acid sequences reveals about 359? 
-,clogy among the EGF-like peptides (rat (27). mouse 
]• and human (13) EGFs and rat (19] and human (12) 
F-as). Some viral peptides (Shopc fibroma growth facior 
• vaccinia growth facior {2|. and myxoma growth facior 
J) also share homologies with the EGF-like peptides. 
If TGF-a is involved in transformation, a TGF-a aniago 
t could be an important therapeutic tool in the ireaiment 
certain types of malignancies. An understanding of the 
ormaiional and dynamic properties of the TGF-a mole- 
c IS basic 10 the design of an aniagonisi. A hypothetical 
-ponisi would bind lo the same receptor as TGF-a. but 
Id not induce the senes of proliferative and transforming 
is induced by TGF-a. To obtain such a molecule ii is 
ssary to dissociate inieractions responsible for bmdinc 
those involved in signal transduction. We decided to 
roach the problem b\ way of sile-direcied mutagenesis ol 
'man sequence of TGF u. In this repon we descnbe our 
scries of mutations, which were carried out at residues 
7 and Leu-48. in ihe carboxy-lerminal pan of TGF-a: 
two amino acids are highly conserved in the EGF-like 
y of peptides. We show thai these two adjacent residues 
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play different roles in the structure and/or function of 

TGF-a. 

MATERIALS AND METHODS 

Cells. Normal rat kidney (NRK) cells were grown in 
Dulbecco modified Eagle medium containing 10% (vol/vol) 
calf sertim, 

TGF-a gene. The sequence of the 50-amino-acid human 
TGF-a was originally derived from a human TGF-a precur- 
sor cDN A (12). The coding sequence is preceded by an ATG 
methionine codon and followed by a TA A slop codon and is 
flanked by EcoRI resiriciion sites. This EroRI fragment 
combines the 59-base-pair EcoKl-NcoX fragment from plas- 
mid pTE5 (12) with the Ill-base-pair NcoX-EcoRl fragment 
from plasmid pvTE2 (11). The resulting EroRI fragment was 
inserted in M13mpl8 for site-directed mutagenesis. 

Synthesis and purification of oligonucleotides and oligonu- 
cleolide-directed mutagenesis. The synthesis and purification 
of 20- lo 27-nu; :eoiide oligonucleoiides were carried out as 
described previously (31). The one or two nucleotides re- 
sponsible for ihe mutation were located in the middle of the 
oligonucleoiide. Mutagenesis was performed by published 
procedures (2L 33i. The sequences of the mutant clones 
were verified by the method of Sanger ei al. (25). 

Yeast shuttle vector. The vector YEj370aT contains a yeast 
Q-factor pheromone promoter and prepro sequence for the 
expression of TGF-a fl5i. The mutant TGF-a coding se- 
quence was insened in ihe EcoRi site of plasmid YEp70aT 
and expressed in ihe form of a fusion protein consisting of 92 
ammo acids from the prepro sequence of the yeast a factor 
attached to the amino terminus of TGF-a (28). The yeast 
cleaves the precursor and secretes TGF-a with 8 amino acids 
fused to it (4 are encoded by the prepro sequence of a-factor. 
and the other 4 are encoded by the DNA sequence added to 
insen of the TGF-a gene). The last of these residues is a 
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proicin by cyanogen bromide (CNBr) and ihc release of a 
mature TGF-a (50 amino acidsl (see Results*. 

Yeast strain and transformation. The yeast Saccha- 
romvces cerevisiae 20B-12 iS^ATa trpl pep4-J) (17) was 
obtamcd from the Yeast Genetics Stock Center. Berkeley. 
Caiif. 5. cerevisiae 20B-12 was grown in YEPD medium (1% 
yeast extract fDifco Laboratories!, l^c Bacto-Pepione 
(Difcoj. 2% glucose). When the culture reached an optical 
density at 660 nm of 1. spheroplasts were prepared (14) for 
transformation. For each transformation we used 10 to 15 \Lg 
of purified plasmid DNA. 

Partial punfication of TGF-o muunts. At 3 days after 
transformation, five individual colonics of transformanls 
were grown to saturation in YEPD medium. The amount of 
proicin in the yeast medium was measured by the method of 
Bradford (3). and the amount of mutant TGF-a secreted in 
the yeast medium was determined by radioimmunoassay. 
The clones which secrete the highest amount of mutant 
TGF-a were used to grow a l-lilcr culture in YNB-CAA 
medium (0.67% yeast nitrogen base, 20 g of glucose pcrlitCTi,,^ 
10 g of Casamino Acids (Difco| per liter). After the culture 
reached saturation (optical density at 660 nm of 10 to 12) (48 
h in an air shaker at 30°C), the yeast conditioned medium 
was dialyzed extensively against 1 M acetic acid in 3,000- 
moiccular-weight cutoff dialysis tubing. Usually 250 ml of 
dialyzed culture was lyophilizcd, suspended in 10 ml of 70% 
formic acid, and treated with CNBr (molar excess of 500) for 
20 h at room temperature. The CNBr was subsequently 
evaporated, and the samples were lyophilizcd. CNBr-treaied 
samples were suspended in 1 ml of 1 M acetic acid, loaded on 
a Bio-gcl P30 column (30 by 1.5 cm (Bio-Rad Laboratories!), 
and eluted with 1 M acetic acid. Fractions of 1 ml were 
collected. Aliquots were lyophilizcd. suspended in binding 
buffer (minimum essential medium containing I mg of bovine 
scoim albumin per ml and 25 mM HEPES (.V.2-hydroxy. 
clhylpipera2ine-yV'-2-ethancsulfonic acid: pH 7.4)), neutral- 
ized if necessary lo pH 7.4. and tested in EGF-binding 
competition and soft-agar assays, as well in radioimmunoas- 
say. 

Radioimmunoassays. The amounts of TGF-a secreted in 
the ycasl medium were determined by radioimmunoassay 
with the immunoglobulin G fraction of a polyclonal anti- 
bod yr 34 D, raised against recombinant hifinan TGF-a (4), in 
0,1 M Tris (pH 7.5M).l5 M NaCI-2.5 mg of bovine serum 
albumin per ml. The amounts of panially purified TGF-a 
present in the P30 column fractions were measured by using 
the Bioiopc RIA kit with polyclonal antibody against human 
TGF-a (a gift from W. Hargreavcs. Biotopc), under dena- 
turing conditions, as recommended by the supplier. 

EOF binding competition assay and soft agar assay. Both 
EGF-binding competition and soft-agar assays have been 
described previously (I). 

RKULTS 

Rattonaie for mutations in the carboxyl terminus of TGF-a, 
Figure 1 shows the amino acid sequence of TGF-a in which 
the residues that arc conserved among all the EGF-like 
peptides described thus far (EGF. TGF-a. and EGF-like 
viral proteins) arc enclosed in bold circles. Among the 11 
conserved amino acids, there are 6 Cys and 2 Gly residues, 
which presumably play essential roles in determining the 
overall conformation of the molecule. We concenlraied on 
the two conserved amino acids in the carboxyl terminus. 
Asp-47 and Leu-48. The Asp in position 47 is conserved 
among the EGFs and TGF-a (human or murine), but not 
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FIG. I. Mutations in the carboxy terminus of human TGF-a. The 
amino acids conserved in alt the family of EGF-like growth facton 
(human and murine EGFs and TGFs, as well as the gene products of 
the vaccinia virus (vaccinia growth factor), the Shopc fibroma vims 
IShopc fibroma growth factor |, and the myxoma virus [myxoou 
growth faciort) are enclosed in bold circles. The mutations of amino 
acids at posiiions„47-and-48 arc indicated. Symbols: A, Ala; C, Cyj; 
D. Asp: E. Glu: F. Phc: G. Gly: H. His: L lie: K. Ly$: L. Leu; m! 
Met: N. Asn: P. Pro: Q. Gin: R. Arg: S. Set: T. Thr: V, VaJ; W, Trp; 
Y, Tyr. 



among the EGF-like viral proteins (vaccinia growth factor. 
Shopc fibroma growth factor, or myxoma growth factor), 
whereas Leu 48 is conserved among alt the EGF-like pep- 
tides so far described. In both mouse and human EGF, the 
two corresponding residues ( Asp-46 and Lcu-47) arc located 
near the surface of the protein (8, 22. 22a). We designed a 
scries of mutations in these two positions. 

Asp-47 has been mutated to Glu. Asn. Scr. and Ala. Glu 
was chosen because it has the same charge as and a larger 
size than Asp: Asn "as a similar side-chain structure, but is 
uncharged; Scr is smaller but still polar; Ala is smaller and 
nonpolar. 

Leu 48 has been mutated to lie and Met, which arc both 
large, nonpolar residues like Leu. and to Ala, which is 
nonpolar but smaller. We introduced the chosen mutatioos 
by site-directed mutagenesis of the cloned human TGF-a 
gene, using synthetic oligonucleotides. 

Construction of the yeast a mating pheromooe^anun 
TGF-« plasmid. The TGF-a expression vector pyTEl (Fig. 
2) was constructed by using plasmid YEp70aT (15) which 
contains the 2>im origin of replication and yeast TRP I gcxK 
for its replication and selective maintenance, respectively. 
YEp70aT also contains the yeast a-factor promoter, the" 
a -factor prepro sequence coding for 89 amino acids, and the 
sequence for 3 amino acids resulting from the introduction of 
Xboi and EcoRi sites. The human mature TGF-a scqueticc 
(12) is contained in a 170-base-pair EcoR\ fragment which 
includes an ATG (Met) codon preceding the sequence of 
TGF-a and a TAA (stop) codon followed by 8 nucleotides. 
This TGF-a sequence was inserted in the unique EcoRI site 
of YEp70aT. Clones with the proper orientation were se- 
lected, and DNA was isolated for yeast transformation. 

Measurement of TGF a secreted by S. certvisiat. The 
amount of total proteins secreted into the yeast culture was 
10 :!: 1 jjLg/mt for wild-type as well as mutant TGF-a as 
determined by the method of Bradford (3). Before further 
purification was attempted, we wanted to determine whether 
the mutated TGF-q proteins were being secreted by }nc 
yeast. The low pH of the ycasl medium, as well as the acid^ 
proteins secreted in the yeast culture, precluded biological 
assay of secreted mutants. Therefore, immunological mctn- 
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. 2. Sirxjciurc of ihc 5. cffi'mm/' 8.2-kilobasc shuttle vccior 
. The secretion of the TO F-o gene is under the transcriptional 
of the yeast a-factor promoter and prepro sequence I. 
-t 2^m origin of replication and the selective yeasi 

nc (K3 » are indicated. The TGF-a gene, preceded by an 
(ATG) codon and followed by a stop (TAA) codon. is 
in the £c<?RI site. Details arc given in Materials and 
and in Results. 



rc used. Wild-type and mutant TGF-a's were se- 
at a level of 100 to 200 ng/ml and 10 to 500 ng/ml. 
vely tas determined by radioimmunoassay with poly- 
-antibody 34D|. We thus estimate that the percentage 
F-a secreted in the yeast culture is at least 1^ of the 
□icin secreted. Wc cannot yet assess whether the 
:is in ihc levels of secretion of different mutant 
proteins arc real or whether one single-amino-acid 
Jlion drastically affects the recognition by the anii- 
Thc latter hypothesis is the more likely, since the use 
*J»cr polyclonal antibody (Bioiope) under denaturing 
ons enabled us to detect cenain TGF-a mutants (such 
^^^X&J;*^' in whicK the amino acid in posjtion 47 of 
TGF-a' is mutated to an alahinef that were poorly 
by 340. under nondenaiuring as well as denaiunng 
ens. After the amount of TGF-a mutant proteins was 
^^,lhc medium was extensively dialyzed against 1 M 
acid and lyophilized as described in Materials and 

! purification of ycasl-secreted TGF-a. Although the 
'•huule vector was constructed tn such a way as to 
TGF-Q with 8 ammo acids fused to the N termmus. 
^ofien observed thai a significant fraction of the 
- TGF-a was m a higher-molecular-wcighl fragment 
ndinc to the size expected from an uncleaved fun- 
di. VZ-amino-acid fusion protein. Since a Met had 
troduced at the N terminus of TGF-a and smce 
contains no Met m us sequence, CNBr ireaimeni 
used to cleave cither of these 8- or 92-amino-acid 
^al peptides and release the complete 50-amino-acid 
indeed, CNBr treaimeni of ycasi-secreted proieins 
»n the conversion of htph-molecular-weighi TGF-a 
6,000-molecular-weighi species, as revealed b> 
_ immunobloi (data not shown), 
-cleaved samples (see Materials and Methods) were 
on a Bio-Gel P30 column. Figure 3 shows the elution 
* the proteins, as well as the results of a radiorecep- 
y^nd a soft-agar assay performed on aliquois of the 
■Actions. The profile shows two major peaks of 
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FIG. 3.^jification of yeasi secrcted wild-type TGF-a. The pu- 
yBfication prq^edure isjcscribcd in Materials and Methods and in 
Results. Aliquots of evci^' other fraction of the Bio-Oel P30 column 
were tested for their abilities to compete with "'l-EGF for binding 
to the EGF receptor iC^) and to induce colony formation f>62 pun) 
on NRK cells in soft agar in the presence of TGF-p (1 ng/ml) (•). 
The /4,8o profile of the proteins was determined ( ). 



eluted proteins, one corresponding to the void volume and 
the other one to proteins of molecular weight <3,000. 
Aliquois of the column fractions were tested for their ability 
to compete with *-'I-EGF for binding to the receptor. The 
fractions that were the most active in this assay were located 
between the two major protein peaks, in an area where 
relatively few proteins eluted. Although some activity was 
found in the first protein peak (void volume), this was 
considerably reduced on treatment with stronger CNBr (data 
not shown). 

Aliquots of each fraction were also tested for their ability 
to induce anchorage-independent growth of NRK cells in 
soft agar in the presence of TGF-p (I ng/ml). The receptor 
bindmg and colony-forming activity superimposed almost 
exactly (Fig. 3). Analysis by polyacrylamidc gel clcctrophV^ 
resis with silver staining, as well as by Western blot, of the 
column fractions shows that our purification procedure 
(CNBr cleavage followed by P30 sizing column) eliminates 
high-molecular-weight proteins (data not shown). Since pure 
TGF q migrates in a broad band on sodium dodecy! sulfate- 
polyacrylamide gel electrophoresis (32), this technique can- 
not be used for proper assessment of the degree of separa- 
tion of TGF-a from low-molecular-weight comaminaling 
proteins. Nevertheless, within our detection levels the 
amounts of TGF-a present in the column fractions (detected 
by radioimmunoassay using the antibody from Bioiope) 
correlated with the amounts observed on sodium dodccyl 
sulfaie-polyacrylamide gel electrophoresis (data not shown). 

Comparison of binding and colony-forming activity of 
TGF-a partially purified from yeast media. It was important 
to show that wild-type TGF-a secreted from 5. cerevisiae 
had the expected biological propenies and that its activity in 
soft-agar and radioreceptor assays was equivalent. For these 
assays, the amount of EGF-competing activity present in the 
most active fraction of the P30 column of wild-type TGF-a 
was measured in terms of EGF equivalents. The dilution 
curve had a slope that was parallel to that of the EGF 
standard. This value was also used to measure the colony- 
formmg activity of the partially purified wild-type TGF-a 
(with EGF as a standard in the assay). The colony-forming 
activity of the panially purified wild-type TGF-a corre- 



TABLE I Bioloi and biochemical activities of muiant TO 
proteins secreted by 5. c^rfvistae and partially purified 
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EGF EQUIVALENT tng/ml) 
FIG 4 Correlation between the activities in the binding and 
colony-fonning assay for the pan.ally punfied 
secreted by 5. crrevisiaf. The activity in the radioreceptor assay of 
the peak fraction fr6m the P30 column was dctcnnined^ in tOh 
equivalenl concentration. The value obiamed ^^^^ ".^^^ 
sofl-agar assay. Colonics of >62 urn ( A» and the EGF standard !•) 
are shown. 

spondcd exactly lo that of EGF (Fig. 4». Thus, we have 
partially purified a wild-iypc 50-amino-acid TGF-a showing 
(he expected binding and colony-forming aciivmes. which 
provides a reference substance for muiani TGF-as tnai 
might show a dissociation of binding and colony -forming 

abilities. . , 

Biological and biochemical activities of the partially purified 
TGF^ mutant proteins. Mutated TGF-as were expressed by 
using the yeast system and partially punfied on Bio-Oci t-JJU 
columns as described in Materials and Methods. Mutant 
TGF-as were usually obtained from two different clones oi 
yeast iransformanis. The CNBr-cleaved samples were pun- 
fied through different Bio-Gel P30 columns for each muiant 
protein to avoid any possible contamination from one pep - 
Tide to another. The purification profiles observed with he 
muiant TGF-as were similar to those obtained for the 
wild iypc^EGF-a, AliquotVof the P 30 column fractions were 
tested inladiorece^iior and sofl-agar asskys: For all mutant 
proteins, the highest activity in both assays was always 
found in the same fraction of the Bio-Gel P30 column effluen 
tpcak fraction). Extensive purification of a scncs of mtiiani 
proteins for screening purposes is not practical. Therctorc 
we needed a quantitation system that would allow us- to 
compare muiant proteins with each other. Thus, the amount 
of TGF-a present in the peak fraction was estimated by 
radioimmunoassay with an antisenim to native TO h a (od- 
tained from W. Hargreavesl. under denaiunng conditions, as 
described in Materials and Methods. All values given in 
Table I were obtained from the peak fraction. 

The controls done with the wild-type TGF-a showed {Ftg. 
4- Table U that binding and transforming activity were 
equivalent. The yeast vector without a TGF-a insert dtd not 
secrete any EGF-like proteins, as determined by both radio- 
receptor and sofl-agar assay. 

Two types of results were obtained upon assay ot mutant 
proteins having difTereni am.no acid substtiuiions '^^P'^. 
In both |Ala-47|-TGF-a and 1 Asn-471-TGF-a. bmdmg abil- 
ity was retained. Soft-agar and radtorecepior activines cor- 
related for lAsn-471-TGF-a. there was a lower value for 



Wild -type TGF-a 
None 

tAla-47|-TCF-o 

(Asn-47|-TGF-a 

|Glu-471-TGF-a 
lScr-471-TGF-o 
lAla-481-TGF-a 
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colony-forming activuy 't^^" ^^-^EGF-binding com^ 
for IAla-471-TGF-a. |Ser-47|-TCF-a and (Glu^7}-TGF-(i 
appeared to have lower activities m both assays than eitt«t 
wild-type TGF-a or (Ala-47|-TGF-a and (Asn-47hTGF^. 
These results indicate that neither the carboxyl charge oor 
the polarity of Asp-47 .s essential for biological activity. 

The effects of mutation of Lcu-48. one of the 11 amino 
acids perfectly conserved among all the f G^^^^GP"^*' 
viral EGF-likc proteins, are dramatic. (Ala.4«hTGF-« to^ 
tally lacked binding and colony-forming activity, luo- 
48hTGF a and (MeT-481-TGF-a had very little b.ologial 
activity compared with wild-type TGF-a. Another siibsUtu- 
lion. (Mct-48hTGF-a. resulted in a truncated mutant lacking 
the last 2 amino acids and having a substitution of Uu to 
homoserine at position 48 following ^^'^f';;^^^ , 
Alternatively if lMet-481-TGF-a was not treated witn. 
JnbT us!on protiins of TGF-« (mutated to Met in posU»o 
48, wiih 8 or 92 ammo acids attached at the mernimus w« 
obtained. Very low activities in binding and «f»;Xv 
were found for these mutants. -Aether or not they were , 
cleaved with CNBr. Expenmcnis on EGF and T^GF-a have 

shown that an N term.nal e«<="^'0" ^/.tfof 
modify EGF-binding activity til. ^6) Jherefore. the ossol 
activity obtained with |Me.-481-TGF-a that has not been 
CNBr treated was probably due to the ^^^'^ ''f^^'^i 
not to the N-terminally extended fusion protein. We do no^ 
know whether the loss of activity observed w.ih the TGF<. 
shortened to 48 ammo acids and having a subslitut.on oi 
Leu 48^ homoserine .s due only to the mutation or also to 
the lack of the last 2 am.no acids. oartiaUy 
The data obtained by radioimmunoassay ^" /^^ P*";„„; 
punfied wild-type and mutant TGF-a show .hat , he amounj 
of TGF-a detected -as always h.gher than 'he amo 
d t rmmed by measurement of biological acuv.ty Jh 
be due to the presence in the f^^^^''^" ^^^^^^^^^^^^ 
of incorrectly folded TGF-a that might be recogmze 
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radioimmunoassay under denatunng conditions but would 
not be biologicallv active. None of the mutant proteins 
seemed to be present in amounts equivalent to those ob- 
fcrvcd for wild-cypc TGF-a in the partially purified fractions 
(whether radioimmunoassay, radioreceptor, or soft-agar as- 
say was used for quantitation). It is not clear whether 
consistently less TGF-a was produced by the mutant con- 
structs than by the wild type or whether the secreted mutant 
proteins were simply less well recognized by the antibody. 
Because of these uncertainties, the biological activities of 
the different mutant proteins cannot be accurately related to 
ft known amount of mutant TGF-a protein. Even though 
iBdioimmunoassay should be used with caution for a quan- 
4iutive evaluation of muunt TGF-a proteins, a positive 
ffeaction demonstrates that immunoreactive TGF-a was 
.present in the P30 peak fraction for each mutant. Therefore, 
^ Ifae/act that one of the mutant proteins ((Ala-48KTGF-a) is 
gically inactive can be attributed to the mutation itself, 
I not to the lack of production of the mutant protein by the 
St or its loss through purification. However, if the mutant 
oteins are in fact as immunoreactive as the wild type, then 
■a-47J-TGF-a and (Asn-47}-TGF-a are as active as wild- 
TGF-a and (Glu-47]-TGF-a and (Ser-47)-TGF-a are 
ss active; in contrast, [Ile-48|-TGF-a and (Met-48)-TGF-a 
almost inactive. The differences between mutation of 
47 and Leu-48 would then be even more striking. 

DISCUSSION 

tTGF-a shows sequence homologies with EGF. and both 
^~wih factors share the same cellular receptors (20). Even 
ugh EGF was discovered 25 years ago (7| and its prop- 
cs have been extensively studied over the years (51. the 
ding site of EGF to its receptor has still not been 
crmined, and the relationship between structure and 
ction of EGF/TGF-a is still to be discovered. Particu- 
tiy, we do not know whether binding to the receptor and 
nal transduction occur through one or more domains of 
s oiolecule or throuj|i^Y^ich arnino acids. We approached 
; ^."?5;Uoo.^ I#rforming.£^ of 
jF-q and focused our attention on two adjacent amino 
'ds, Asp-47 and Lcu-48, located in the carboxy terminus 
\ highly conserved in the EGF-likc family of peptides. 
^^Pccicdly, these two amino acids showed very different 
isitiviiies to mutation and particularly to a substitution to 
a: (Ala-47|-TGF.Q retained binding and colony-forming 
tiviiics. whereas |Ala-48|-TGF-Q completely lost both 
tivitics. These data show that Asp-47 and Leu-48 play very 
ncrcnt roles in definmg the structure and/or the activity of 
J^-a. The other mutations performed on Asp-47 were 
*>stitutions to Asn. Scr. and Glu. (Asn-47|-TCF-a. like 
a-47|-TGF-a. was active in binding and induction of 
formation, but (Ser-47|-TGF-a and (Glu-47)-TGF-o 
owed weaker grouth factor activities. These results indi- 
'hat neither the carboxyl charge nor the polarity of 
■47 is essential for biological activity, interestingly, two 
DC EGF-like viral proteins, myxoma growth factor and 
"^ fibroma growih factor (6, 30). have Asn instead of Asp 
iilion 47; wc have shown that ( Asn-47|-TGF-a retains 
peal activity. 

tituiion of Leu-48 to Met and lie led to mutant 
eins with very low activities, whereas substitution to Ala 
'o complete loss of activity. We did not expect that a 
Llion of Leu to lie (which have similar sizes and polari- 
^^ould cause such a strong effect. Thus, Leu-48. which 
•Onscrved perfectly among all the EGF-like peptides. 



seems to be essential, through .i-i exact geometry, for the 
. biological activity of TGF-a. 

The mutant proteins tested so far. when active, showed 
parallel behaviors in binding and colony formation. Some 
mutant proteins tost all activities, and we assume that the 
binding capacity has been lost. We have not been able to 
dissociate the binding and colony-forming abilities by ^sing 
any of the present series of mutant proteins, and it is 
necessary to screen more of them in search of an antagonist 
of TGF-a. 

Results relating to the biological activity of EGF show that 
derivatives of mouse EGF and human EGF (EGF 1-47) 
lacking the carboxy-terminal 6 amino acids as a result of 
enzymatic digestion arc less potent than the intact molecule 
in mitogenic stimulation of fibroblasts, but retain full biolog- 
ical activity in in vivo assays (inhibition of gastric acid 
-^secretion) (16); .On^^the other-hand, naturally- occurring^ 
truncated forms of rat EGF. which lack the carboxy-terminal^ 
5 amino acids (rEGF 2-48) are as potent as mouse EGF 
(mEGF 1-53) in receptor-binding and mitogenic assays (27). 
We do not know whether the discrepancies observed arc due 
to the origin of the molecule (artificial or natural) or to the 
type of bioassay used. In any event, all of these EGF-rclaied 
molecules, which are shorter than mouse or human EGF, 
still retain Lcu-47. We have shown that in TGF-a, the 
corresponding residue, Leu-48. is critical for the biological 
activity. 

Recent data on the three-dimensional structure of mouse 
EGF obtained by nuclear magnetic resonance show that 
even though Asp-46 and Leu-47 (Asp-47 and Lcu-48 in 
TGF-a) are both solvent accessible (8, 22, 22a), their side 
chains point in opposite directions in the beta-sheet struc- 
ture. Therefore, the role of these adjacent amino acids in the 
structure and. consequently, the function of EGF might be 
very different. Our data show that the amino acids Asp-47 
and Lcu-48 of TGF-a are not equally important for the 
biological activity of TGF-a, despite their conservation 
among the EGF-like peptides, from the dramatic loss in 
biological activity which is characteristic of mutation of 
Leu-48. we also suggest that this residue is involved In- 
binding to the cellular receptors either by direct interaction 
with the receptor or by providing the proper conformation to 
the molecule. 
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cholera toxin by the use of site-directed mutagenesis 
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Summary 

OUgonucteotide-directed mutagenesis of cUB was 
used to produce mutants of cholera toxin B subunK 
(QT-B) attered at residues Cys-9, Gly-33, Lys^, 
Arg-35, Cy3-86 and Trp-8d. Mutants were Identified 
phenotyplcally by radial passive Imnmne haemolysis 
assays and genotyplcally by colony hybridization with 
spectfic oligonucleotide probes. Mutant CT-B poly- 
peptides were characterized for ImmunoreactMty, 
binding to gangliosfde GM1, at>nity to associate with 
the A subuntt, ability to form holotoxin, and biological 
activity. Amino acid substitutions that caused 
decreased binding of mutant CT-B to ganglioslde GM1 
and abolished toxicity Included negatively charged or 
large hydrophobic residues for Gly-33 and negatively 
or posKively cliarged residues for Trp*88. Substitution 
of lysine or arglnlne for Qly-33 did not affect f mmuno- 
reactivity or GM1«blndlng acthrity of CT-B but 
abolished or reduced toxicity of the mutant holotoxins, 
respectively. Substitutions of Glu or Asp for Arg-35 
Interfered with formation of holotoxtn, but none of the 
observed substitutions for Lys^ or Arg-35 affected 
binding otCT^B to GK|yri^ Cy&-0, Cys-86 and Trp-Bd 
residues were Inf^Kiirtafrt for establishi^ or maintain- 
ing the native conformation of CT-B or protecting the 
CT-B polypeptide from rapid degradation In vfvo. 

Introduction 

The symptoms of cholera, an acute dianrhoeal disease of 
humans caused by Vibno cholerae, are due mainly to the 
effects of cholera toxin (07) on the snwdl intestine. CT and 
the heat-labile enterotoxins (LT) of Escherichia coli are 
structurally and functionally related and constitute the K 
cholerae/E. coil enterotoxin family (reviewed by Finkel- 
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Stein et ai., 1 987). Type I and type II enterotoxins belong to 
distinct serogroups. and minor antigenic variants exist 
within each serogroup (Holmes et al„ 1986; Guth et al., 
1986; Pickett et al., 1987; 1989). The sequences of the 
structural genes for representative type I and type II 
enterotoxins have been determined (reviewed by Betley et 
a!., 1986; Pickett et al., 1987; 1989). CT and LT are 
multisubunit toxins of the A-B type (Olsnes et ai„ 1990). 
CT is an 85kDa complex containing a 27kOa A polypep- 
tide and five l l.^kDa B polypeptides. The mature CT-B 
mdrk)itier consists of 103 amino ackl residues (Lai, 1977), 
with a single lntra<^ain disulphlde link between Cys-9 and 
Cys-86, There are five ganglioside GM1 (GMI)-binding 
sites per molecule of CT F»shman et aL, 1 978). Interaction 
of the B pentamer of CT with GM1 on the plasma 
membrane of target cells Initiates delivery of the A 
polypeptide to tfie cytosd. The A subunit is proteolytically 
cleaved to produce two polypeptides (A1 and A2} of 21 .8 
and 5.4 kDa, Hnked by a disulphlde bond. The A1 polypep- 
tide is ihe enzymatk^ally active component of the toxin, 
catalysing the transfer of the ADP-ribose nioiety from IMAD 
to the a subunit of tiie Gs regulatory protein of adenylate 
cyclase. This activates adenylate cyclase, increases pro- 
duction of cAMP, and causes secretion of flukJ and 
electrolytes by the small intestine (Reld eta!,, 1989). 

Attempts to bharacterize the ganglk>slde-binding sites 
of CT and LT have concentrated on analysis of chemically 
modified toxins and on the lsolatk)n of mutants. However, 
the precise nature of the ganglk>side-t^ndtng sites on 
CT-B and LT-B remains to be etiK^kjated. 

Several lines of evidence show tfiat Trp-88 b dosety-^- 
associated witti ttw GM1 -binding site. Binding of GM1 to 
CT causes a blue shift of approximately 12nm In the 
fluorescence emission ^naximum of the single tryptophan 
residue (Mullin et at,, 1976), and modification of trypto- 
phan with nitrophenyl derivatives (de Woff ef a/., 1981) or 
formte acid (Ludwig et a!,, 1 985) destroys the ability of CT 
to bind to GM1 . One or more of the nine lysine residues in 
CT-B appear(s) to be Involved in the GM1 binding site 
(Ludwig ef a/., 1985). Modification of CT-B with cyclohex- 
anedione led Duffy and Lai (1 979). to conclude that Arg-35 
is involved in receptor binding, but Ludwig ef a/. (1985) 
could not attribute the effects of arglnlne modification to a 
specific residue from the tiiree arginines in CT-B. The 
disulphide bond between Cys-9 and Cys-86 is Important 
for the structural integrity of CT-B. and modification of 
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these cysteines destroys both GM1 -binding activity and 
antlgenicfty of CT-B (Ludwig ef a/.. 1985). 

Several factors can complicate the interpretation of data 
from chemical modification studies. Either the conditions 
necessary to perform the modification or the modified 
amino acids themselves could alter CT-B in such a way 
that refolding into a native state Is no longer possible. 
Inability to modify a particular residue among several 
identical residues may prevent identification of the import- 
ance of an individual residue. Incomplete modification 
could lead to failure to Identify specific residues as 
essential for biological activity. Mutational analysis avoids 
some of these problems and provides data that comple- 
ment and extend the results of chemical modification. The 
study of mutants with defined substitutions of naturally 
occuning amino acids for specific wild-type residues 
facilitates interpretation of the biochemical basis for 
mutant phenotypes. 
Se^veral variants of CT-B have been Identified that differ 
* in two or three residues (reviewed In Rnkelstein et ai, 
1 987). LTp-l and LTb-l differ in terms of tt>eir B subunits at 
four or five positions CTsuji et a/., 1 987; Leor^g ef a/., 1 986). 
and differ from CT-B at approxinruitely 25% of the 
positions. All of these enterotoxins bind to GM1, but the 
type I LTs also bind to several glycoprotein receptors to 
which CT does not bind (Griffiths ef a/., 1986). Mutant B 
subunits of LTp-l have been isolated that are defective in 
forming pentamers (AIa-64 to Vai-64, lida ef a/., 1989; 
cartK>xyl-terminaI deletions, Sandkvist ef a/., 1 990) or that 
are defective In binding to GM1 (glycine to aspartate-33; 



Tsuji ef a/., 1985). The Asp-33 mutant of LT-B is unlnv 
paired in its ability to fonm holotoxin but is non-toxic. The 
Gly-33 and the AIa-64 residues are both conserved in 
CT-B. 

The role of any specific amino add residue in the 
ganglioside-binding activity of CT-B can t>e determined, in 
principal, by observing which substitutions at that position 
are tolerated in mutant proteins without loss of function. In 
the present study we used site-directed mutagenesis to 
create substitution mutants involving Cys-9, Cys-86. 
Gly-33. Lys-34, Arg-35 and Trp-88. Preliminary reports 
involving some of these mutants were presented at the 
24th and 26th Joint Conferences on Cholera and Related 
Diarrheal Diseases, US-Japan Co-operative Medical 
Science Programme (Jobling ef a/.. 1991 a.b). 

Results 

The muta^igo^ used in^is study are 

listed in f^S^l7 Plasnfiids"pMGJ8 and pMGJt9 were^ 
constructed as described In the Expenmentai procedures. 
Each plasmid contains the cloned cholera toxin (cfx) 
operon with an in-frame deletion that reowves the majority 
of the A1 coding region but does not affect the B gene 
{ctxA ~ , cfxS Transcription of the operon from the native 
V. cholerae pronnoter occurs at a low level in £ cotL To 
increase the expression of wild-type or rnutant dxB alleles 
in E co/i. foxR was provided on plasmid pVM25 (Miller and 
Mekalanos. 1984). Mutant plasmids were numbered 
sequentially, tjeginning with pMGJSOl for plasmids 



OTtoonucteotkte' 


Sequertce(S'to3')*' 


Template 


SlrancT 
rescued 


Cys-9-TCA 
Cys-ee-AGT 


T T C T Q C A C T C A A A T C A G T 
^^^^QA A A A G T T A A G T G T A T G G 


pMGsia 
pMGJig 




ay-33-NNN 


TCTCTAGCTNNNAAAAGAGAG 
(G 0 A) 


PMGJ19 


+ 


Lys-a4-NNC 


nTAGCTG.GANNCAGAGAGATG 
(AAA) 


PMGJ11 


+ 


Arg-35-NNN 


GCTGGAAAANNNGAGATGGCT 
(A G A) 


pMGJ19 


+ 


Tfp-8S-NNN 


T T A T G T G T A NNNAATAATAAAACGCC 
(TOG) 


PMGJ19 





Each oligonucieottdfl hi named by the wfid-type amirx) add in mature CT-B that Is affected . fo(towed by the unique or degenerate codon used to mutate that 

residue In the specified template. , . ^A/-r-«,T 

b. The mutamsoquenoe Is tJOdertlnedar>d the wiW-type sequence tesh^ 

c. + Of - denotes the sense or antlsense strand, respectively, of the CT-B gene rescued and used as the template for mutagenesis wtth the cofrespooding 
oligonucleotide. 
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Flfl. 1, f^Sl-{netfvonin»4abo(tod protoins expressed from the T7 
promoter by Moctk)n of T7 R^i^ po»ynwase In £ co^ 
plasmlds that code for cysteine mutants of CT-B. Lanes 1-6. 
podpCasmk5e)ctracts; lanes 6 and 7. ce« pettets, Larw 1. vector contrtX, 
pKS": lanes 2 and 6. wUd-type. pMQJ19; lane 3. Ser-9. pMGJSOl; lane 
4. Ser-66. pMGJ1901 ; tones 5 and 7. Sef-9. -66. pMGJZO, Arrowheads 
mark approximate positioos of pentameric CT-B (open), monomeric 
CT-B (fitted), and precursor CT-B (hatched). 



dedved from pMGJB, with pMGJ1901 for plasmids 
derived from pMGJ19. and with pf^GJ1 101 for derivatives 
ofpMGUII. 

CyS'9 and CysSS are essential for production of mature 
periptasmic.CT'B InB^ogi^-:^ 

dr»gonu(^tide-direct% sft^ mutagenesis was 

used to mutate each cysteine to serine. Cy5-9 was 
mutated to Set in pMQJSOl (TGT to AGT, using oRgo- 
nudeotide Cys-9-TCA). and Cys-86 was mutated to Ser In 
PMQJ1901 (TGT to AGT) using the oligonucleotide Cys- 
Se-AGT (Table 1). The Ser-9, Ser-86 double mutant, 
pMGJ20, was constmcted by replacing an AccI fragment 
of pMGJ1 901 with the corresponding AccI fragment from 
pMGJSOl . £ coli DH5aF'(pVM25) canying each of these 
plasmids gave no halo when tested with the radial passive 
immune haemolysis assay (RPIHA) for CT-B. No immuno- 
reactive CT-B protein was detected In crude extracts of 
the mutant strains by the more-sensitive double antibody 
sandwich solid-phase radioimmunoassay (S-SPRIA). 
Analysis of in vivo labelled proteins by sodium dodecy! 



sulphate/polyacrylamide gel electrophoresis (SDS- 
PAGE) showed that mature CT-B polypeptide (monomer 
or pentamer) was undetectable in periplasmic extracts of 
any of the cysteine mutants under conditions in which 
wild-type protein was detected (Fig. 1). A band corres- 
ponding to unprocessed CT-B polypeptide was detected 
in the pellet of polymyxin-B-extracted cells of the Ser-9. 
Ser-86 double mutant. The Ser-9 and Ser-86 single 
mutants were not tested for intracellular CT-B. 

Effects of amino acid substitutions for gtycine-Sd 

Using a 64-fold degenerate oligonucleotide (Gly-33-NNN. 
Table 1) we generated a library of mirtants of pfvlGJIB 
potentially containing all possible substitutions for Gly-33. 
One hundred and ninety two individual transfonmants 
were screened for loss of receptor-binding activity by 
RPIHA and for base substitutions at the Gly-33 codon in 
colony hybridb^ttons using an end-labelled wild-type 
gligonudeotide probe. The'phenotypes of represeptative , 
mutants ki RPIH assays are shown in Fig. 2. Aniorig 25 
isolates with mutant nucleotide sequences, only three 
were positive by RPIHA. These three mutants all contained 
alternative glycine codor^, strongly suggesting that only 
CT-B containing glycine at position 33 can produce a 
positive signal in RPIHA. Anwng the 22 RPIHA-negative 
mutants, 20 produced mutant CT-Bs with amino acid 
substitutions, and two were chain-terminating mutants. 
The set of 20 sut>stitutions represented 1 1 of the possible 
19 amino add substitutions (Table 2). One mutant rep- 
resenting each substitution was selected for further study. 
All produced high levels of immunoreactive protein as 
measured by S-SPRlA (Fig. 3A). In contrast, the GM1- 
binding activity, as measured by GMI-SPRIA, varied 
greatly among the Individual mutants (Fig. 3B). 



I 2 3 4 5 6 




Rg, 2. RPIHA phenotype o* selected mutant B sobunit produdng 
ciones. £ coH strains canyfng pVM25 and plasmids encoding various 
CT-B mutants were inoculated Into an SRBC overtay on an LB (Ap. Cm) 
plate and grown overnight at A second overtay containing Guinea- 
Pig Conx^lement (BRIJ and goat antl-CT senim waS poured and 
incutMied tor at least 1 h at 37*0 to prodiice vtstole haloes. Clones 
tested were: wfW type (A2), l^u-33 (A3). Arfl-33 (M). Giu-33 (AS), Mel-35 
(B1). Tyr-35 (B2), Asn-35 (B3), Asn-SS (84), Ly6-88 (85), Glu-Sa (86). 
Cys-35 (01), Asp-35 (02). Glu^S (03). wild typo (C4), pKS" (C5) and 
Giu^(C6). 
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O 1 0 20 30 40 50 O 1 0 20 30 40 50 

voluTke of cultu-e (^i) voltxne of cultLre (pi) 



Fta. X Analysis of mutam CT-ea wrth ©Ujsmuttons far G(y-33 by sa^ 

following plasmkte were tested: pMGJ19 wiW typo (+); pMGJ1003 Ghi (V): pMGJ191 1 Ala (■); pMGJJWI Val (•): pMGJ1d43 G(n O; pMGJ1910 Arg 
(a):pMGJ1949«e(A):pMGJl942tys<0)- - ^r^ > *:xlJ^'^f:c^ ^- d ^ 



For each CT-B mutant the binding observed by S- 
SPRIA was directly proportiona) to the binding in GM1- 
SPRIA over an appropriate range of concentrations (Fig. 4; 
Otsvik era/.. 1983). The slopes of the fines in Rg. 4 
provided quantitative measures of GM1-birKf»r)g activity 
per unit of immunoreactive wild-type or mutant CT-B. 
Purified holotoxin. B pentamer or wild-type CT-B in crude 
extracts bad a characteristic slope with an absolute value 
of 0.39 to 0.41. Relative binding was expressed as the 
slope for each mutant CT-B divided by the slope for 
wild-type CT-B (Table 2), and the relative binding for 
wild-type CT-B was assigned a value of 1 . At the concen- 
trations used for this analysis, extracts containing mutant 
proteins with Asp-33. Glur33. He-33 or ljeu-33 substi- 
tutions showed no binding to GM1. The relative binding 
value of the Val-33 mutant was 0.07, while Ser-33. Thr-33 



and Gln-33 mutant proteins had relative binding values 
slightly less than that of the wild type (Table 2). Ly5-33, 
Arg-33 and Ala-33 mutant proteins were indistinguishable 
from the wild typo in terms of relative t)inding activity. 

Effects of amino acid substitutions for tryptophanSS 

Using the same strategy as for glycine-33 mutants, 
mutations at the Trp-88 codon were generated In 
pMGJ19, using the oligonucleotide Trp-88-NNN (Table 1), 
Transformants were screened by differential colony 
hybridization followed by RPIHA. Twenty-three mutants 
were identified by hytxidization, and all were negative by 
RPIHA. Sequencing of these mutants demonstrated that 
14 out of the possible 19 amino add replacements and 
two termination nnitants were obtained (Table 2). When 



TaWo 2. Charactertratton of ffHJtant CT-e ctones. 



PosWon 




Amtr>o . 




RPIHA* 


Antigen 


Retatrve 


substftuted 


no. 


add 


Codon 


phonotype 


titro^ 


binding^ 


Nona 


19 


wt" 


Wt 




700 


1.0 




1903 


Glu 


0 A A 




1000 


0 


<GGA) 


1950 


GIu 


GAG 




HOi 




1948 


Asp 


GAT 




5000 


0 




1919 


De 


ATA 




500 


0.01 




1949 


t(o 


ATA 




NO 






1954 


tte 


ATT 




NO 






1951 


tjeu 


C T A 




1250 


0 




1941 


Val 


G T G 




600 


0.07 




1955 


Val 


G T A 




NO 






1943 


Gtn 


C A A 




600 


0.46 




1947 


Ser 


A G T 




600 


0.6 




1915 


Thf 


A C A 




300 


0.8 
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PosHion MGJ Amino RPtHA* Anttgon FMatfv^ 

ftut>strtutod no. add Codon phenotype Utre^ b(ndk>go 



1911 a914) AJa 
1942 Ly3 
1946 Lys 
1910(1917) Arg 

1944 Arg 

1945 Arg 
1916 Ochre 
191B Opal 

1934 cay 

1935 Qy 
1940 Gty 

Tfp-88 1922 Ite 

(TGG) 1020 Lau 

1923 Gin 
1913(1928) Gin 

1924 Val 
1938 His 
1933 Lys 
1908 Lys 
1036 Asn 
1907 Gkj 

V 1930 Met=^^ 

1927 Pro - 

1904 Sor 

1906 Sar 

1931 Ser 

1912 Gty 
1937 Gty 
1921 Thf 
1926 Arg 
1902 Opal 

1925 Ochre 

Arg^ 1972 Asp 

(AGA) • 1971 Gki 

1973 Cys 

1966 His 

1957 G(y 

1960 Trp 

1961 Ser 

1964 Tyr 
1969(1956) Me 

1966 Met 
1963 Asn 

1967 an 

1962 Arg 

1965 Atb 
1959 Ambor 
1970 Opel 

Lys-34 1102 Gty 

(AAA) 1103 Ala 

1104 Ser 

1105 Cys 

1108 Val 

1109 tte 

1110 Asp 

1112 Tyr 

1113 Asn 



0 0 Q 




2500 


- 1 n 


AAA 




2500 


1.0 


A 0 G 


- 


NO 




C G A 


- 


600 


1.1 


A G A 


- 


NO 


+ 


C G G 


- 


NO 


+ 


T A A 


- 


NA' 


NA 


T G A 


_ 


NA 


NA 


G G C 


+ 


NO 


NO 


G G A 


+ 


NO 


NO 


G G G 


+ 


NO 


NO 


ATT 


- 


130 


0.6 


T T G 


- 


50 


0.6 


C A G 


- 


50 


0.9 


0 A A 


- 


NO 


+ 


G T G 


- 


35 


1.1 


CAT 


- 


20 


1.3 


A A G 


- 


10 


0 


AAA 


- 


NO 


— 


A A T 


- 


4 


1.1 


Q AA . 


- 


3 


0 


-A-*T G 




<2 


+ 


CCA 




<2 


NA 


TOT 




<2 


NA 


T C G 




<2 


NA 


T C A 




<2 




G G A 




<2 


KIA 


G.G G 




<2 


MA 


A C C 




<2 


NA 


C G A 




<2 


NA 


T G A 




NA 


NA 


T A A 




NA 


NA 


GAT 




2000 


1.8 


G A A 


± 


2000 


1.9 


T G C 


± 


30 


* + 


C A C 


+ 


2000 


1.5 


Q G G 




1500 


1^ 


TGG 


+ 


*1200 


1.4 


T C A 




3000 


1,1 


TAT 


+ 


2000 


0.7 


ATA 




2000 


1.0 


A T G 




>256 




A A C 


+ 


>256 




C A A 


+ 


>256 


+ 


C G A 


+ 


NO 


NO 


A G Q 


+ 


NO 


NO 


TAG 




NA 


NA 


T G A 




NA 


NA 


G Q C 


± 


2200 


+ 


Q C C 


± 


>256 


+ 


AGO 


+ 


NO 




T G C 




10 


+ 


G T C 


± 


NO 




A T C 


± 


7000 


+ 


G A C 


± 


8000 


+ 


T A C 




>256 


+ 


A A C 


+ 


>256 


+ 



ft. wHd-typo halo; no halo; ±. non-wild*typo hato. 

b. DOutlon of ftxtrad gMng 60% maxknaf counts by S-SPRIA. 

c Ratio of slopes of Hnos from QMI binding plott^ against S-SPRiA t>indk>g. for mutant divkM ty 

wVd-typa. or * quantttatlva assays not perfbm>od but mutam CT-B bound (+) or did 

QM1-SPR1A. 

dL Wild type. 

•.Notdetemiined. 

f. Not appilcsyble. 
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O 4 8 12 16 20 



cpm X 10"-^ S-SPRIA 

Rfl. 4. Rotative GM1 -binding activtty of selected mutant CT-Bs with 
substrtutfens for Gly-33. Each peripiasmk: waa first dHuted to 
Qfve a signat of approxlmatoty 20OO0 C4>m by S-SPRIA. and eight 
addrtkxwl diiutkjns over a 20-told ranoe were prepared and ass^^ 
S-SPRL^ and GM1-SP«A.Th«re3*ifts for the two assays lor eac^ - 
cfilution %W8 plottod against each other. Extracts of £ ootf TG1 canying 
the foflowing piasnikb ware te«te± pMGJl903 Giu (V); pMQJIMI Val 
(•); PMGJ1949 tld (A); pMGJ1943 Gin (QJ; pMGJ1910 Arg (□); pMGJ19 
w8d typis (+). In eiddHion, purified CT (+) and CT-B (O) were Inckidod as 
controls. 

tested by S-SPRIA (Rg. 5A and Table 2), nooe of the 
Trp-88 substitution mutants produced as much Immuno- 
reactive CT-B protein as the wild type. The lie-88 mutant 
produced the greatest amount of Immunoreactive toxin 
(19% of wild type, Rg. 5A). Mutants ttiat produced lower, 
but still detectable, anrKHints of imnrujnoreactive CT-B 
included Leu-88. Gln-88, Val-88. His-88, Lys-88, Asn-88, 




0 100 200 300 400 



voluT^ of culture ^D* 



and Glu-U/. Mutants that produced no detectable 
Immunoreactive CT-B Included Met-88, Pro-88, Sor-88. 
Gly-88, Thf-88 and Arg-88, 

Afthougti the mutant CT-Bs with substitutions for 
Trp-88 were produced in smaller amounts than wild-type 
CT-B, their relative binding to GM1 was comparable to 
wild-type CT-B. except for Lys-88 and Glu-88, which 
failed to bind (Fig. 5B, Table 2). Therefore, a positively 
charged residue or a negatively charged residue at 
position 88 atx)lished receptor-binding activity. The 
observation that the relative GM1 -binding activity of 
mutant CT-B proteins containing IIe-88, Leu-88, Gln-88, 
Asn-88 or His-88 was similar to that of the wild type 
indicates that Trp-88 is not essential for binding of CT-B to 
GM 1 . The dramatic effect of all substitutions for Trp-88 on 
the arrwunt of immunoreactive toxin suggests that Trp*88 
is important for establishing or maintaining the native 
conformation of CT-B. 

EffectS'Of amino acid substitutions for arginine-35 

Similar strategies were used to obtain and characterize 
substitutions for arginine-35 of ctxB, in pMJGI 9, using the 
oligonucleotide Arg-35-NNN (Table 1). Among 50 trans- 
fomnants tested, only three had mutant phenotypes by 
RPIHA, whereas 17 had mutant genotypes revealed by 
colony hyfcxidization with the wild-type oligonucleotide 
probe. Most sut)Stitutiofw for Arg-35, therefore, do not 
produce mutant phenotypes by RPIHA. The three clones 
with no halo or with at>normal haloes were identified as 
Cys-35, Glu-35 and Asp-35 substitutions (TatMe 2). The 
Cys-35 mutant gave a snnall turbid halo and tfie GKj-35 
mutant gave a normal-sized but turbid halo. Onfy the 



B 

40 




volLfne of cUttre ^t) 



Rg. S. Anaiysls of mutant CT-Bs wfth sutwtitutions for Trp-88 by sandwich-SPFUA (A) and GMI-SPfllA (B). Extracts of £ ooA' strains carrying the 
fonowtng plasmlds were tested: pM0J19 w<»d typo (+): pMGJ1920 He (A): pMGJ1933 Lys (O); pMGJ1938 His P): pMGJ1907 Glu (7); pMGJ1904 Ser 
(4); PMGJ1921 Thr (■); pMGJ1936 Asn (O). 
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cuttLre volime (^1) culttre volLrrte <fjl) 

Hfl. 6. Ana^^is <rf nurtam CT-Bs with substrtutkxis lor Ara-35 by san^ 

following plasmkte were lestad: pMGJ19 wikl type <+); pMGJ1971 Asp (A); pMGJ1972 GIu (V); pMGJ1973 Cys {A): pMGJ1957 GJy (q»; pMGJ1966 His 

(q):pMGJi960Tfp(4). ---^^-^ : 



Asp-35 mutant gave no halo. The 14 other mutants 
Identified by hybridization included two wild-type CT-Bs 
with aitemative arginine codons. two termination mutants, 
and 10 mlssense mutations representing nine other amino 
add replacements. All of the missense mutants tested, 
except one, produced high levels of immuioreactive toxin 
that also bound to GM1 (Rgs 6A. 6B). The Cys-35 mutant 
produced a lower level of immunoreactive CT-B. Most 
mutants tested. Including Glu-35 and Asp-35 had relative 
GMI-binding values that were slightly higher than that of 
wild-type CT-B. 



Effects of amino acid substitutions for lysine^ 

Ludwlg eta/. (1985) showed that one or nrwre lysines of the 
B subunit were involved In the Interac ton l)etween CT-B 
and GM1 • Because of the proximity of Lys-34 to Gly-33. 
we tested whether substitutions at Ly3-34 would affect 
GM1 -binding activity. Ollgonudeotide Lys-34-NNC (Table 
1) was designed to replace the Lys-34 codon in pMGJ1 1 
with a codon specifying any of 15 amino adds (fixing the 
third position at C excluded recovery of the wild-type 
amino add Arg, Met, Glu, Trp or tennination codons). 
Twenty transformants screened by RPIHA were 
sequenced. Among five clones that were negative by 
RPIHA. two were frameshift mutations, two were ISf 
insertions at the same position within the B gene, and one 
was a sut>stitution mutant (Cys-34). Eleven mutants pro- 
duced nonmal-sized but turbid haloes, and represented 
six different amino add substitutions (Gly-34, Ala-34, 
Ser-34, Val-34. lle-34 and Asp-34). Two transfomriants 



with wild-type haloes, randomly selected and sequenced, 
had substitutions of Tyr and Asn for Lys-34. All of the 
mutant GT-Bs tested produced normal high levels of 
immunoreactive CT-B, with the exception of Cys-34. The 
phenotype of this mutant was similar to that of the Cys-35 
mutant. All of the mutants tested bound to GM1 in the 
GM1-SPRIA (data not shown), but quantitative titrations 
were not performed for the determination of relative 
binding activity. The effect of negatively charged or 
hydrophobic amino acid substitutions for Lys-34 was very 
different from the effects of the conresponding substi- 
tutions for Gly-33, and Lys-34 did not appear to be 
involved in the interaction of CT-B with GM1. 

Interaction of mutant toxins with sheep red blood ceils 
(SRBCs) 

Most of the mutant GT-B proteins retained the ability to 
bind to GM1 In the solid-phase Immunoassay, yet failed to 
cause haemolysis of SRBCs in the RPIHA. As a direct test 
of the abinty of selected mutant B sutHinits to bind to 
SRBCs, extracts were adsoft>ed with SRBCs and the 
supematants were tested for unadsortsed CT-B (Rg. 7). All 
of the selected mutants with RPIHA-negative phenotypes 
failed to tiind to SRBCs, in contrast to the extensive 
binding of wild-type CT-B (>80%). Previous reports 
demonstrated that the susceptibility of target cells to 
cholera, toxin could be Increased by incubating the cells 
with GM1 prior to exposing the ceils to toxin (Cudtrecasas. 
1973), We therefore tested whether the susceptibility of 
SRBCs to immune haemolysis by mutant CT-Bs could be 
enhanced by pretreating the SRBCs with GM1. The 
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ng. 7. Lack of binding of mutant B subunKs to SRBCs. Pedptasmic 
extracts wero dttuted to concentrations thai gave a signal of 5000 to 
15000 C4)m tiy S-SPRIA. and 100^1 atlquots were Incubated with 20 mJ 
of washed SRBCe or phosphate-buffered aafina (PBS) for 1 h. SRBCs 
were peOeted. and the supematants wero assayed by S-SPRtA. The 
perceotage of toxin bound was catcutated as: 

(c.pjn. hi PBS supernatant - c^jm. in SRBC supernatant) x 100 
cpjTL in PBS supernatant 



GM1 -sensitized SRBCs becarDe sensitive to Immune 
haefnofysis by ihe Ala-33 mutant CT-B. txit remained 
resistant to immune haemolysis by all other mutant CT-Bs 
with substitutions for Gly-33. 

Fofmation and toxicity ofholotoxins containing mutant 

cr-Bs 

To test the effect of ctxB mutations on hoiotoxin formation 
and activity, we introduced selected ctxB clones into £ 
CO// carrying cloned ctxA and toxR genes on compatible 
plasmlds. Crude extracts of these strains were tested for 
inmnunoreactivfty by modified S-SPRIA and GM1-6PRIA 
using monoclonal anti-CT -A antibodies, and for toxicfty by 
using the mouse Y1 adrenal cell assay (Table 3). 

Most QTrB mutations, with the exceptions of Glu-35 
and Asp-d5, did not affect the ability of the mutant CT-Bs 
to associate with the A sutninlt to form immunoreactive 
hoiotoxin rTK>lecule3, detected by the modified SPRIAs. 
The amounts of hoiotoxin antigen were proportional to the 
amounts of immunoreactive CT-B detected In previous 
assays of clones that produced only CT-B. 

In most cases the relative toxicities of mutant holotoxins 
correlated well with the GM1 -binding activities of their 
mutant CT-Bs, Holotoxins containing mutant CT-Bs that 
failed to bind to GM1 (Glu-33. Asp-33. lle-33, Leu-33 and 
Vai-33) were non-toxic, f^ost strains carrying mutant 
CT-Bs that bound to GM1 produced holotoxins ti^t were 
of comparable toxicity to wild-type CT, The principal 
exceptions were the Arg-33 and Lys-33 mutants of CT-B 



that bound lu GM1 as well as wild-type CT-B but formed 
holotoxins that showed no toxicity (Lys-SS) or reduced 
toxicity (Arg-33). Hoiotoxin fooned with Gln-33 CT-B had 
slightly reduced toxicity, consistent with the decreased 
GM1-t>inding activity of the Gln-33 CT-B. Only a small 
amount of hoiotoxin was formed with lle-88 CT-B, but its 
relative toxicity was equivalent to that of wild-type CT. The 
other Trp-88 substitution mutants produced Insufficient 
levels of CT-B to be detected in this assay. Hoiotoxin 
fomri'ed with Asp-34 mutant CT-B was produced in normal 
amounts and had wild-type toxicity. Holotoxins containing 
Glu-35 and Arg-35 mutant CT-Bs were significantly less 
stable than other mutant holotoxins; their toxicity and 
hoiotoxin immunoreactivity were only detectable In freshly 
prepared extracts, and could not be detected two days 
later (T able 3), alttwugh the mutant B subunits were stable 
and were produced In wild-type amounts. 

Discussion 

The production of mutant CT-Bs by ofigonucleotide 
mutagenesis allowed us to detemnine the relative import- 
ance of several amino acids for the function of the B 
subunit of cholera toxin. Substitution of serine for Cys-9. 
Cys-B6 or both prevented fomnation of the disulphide link 
between residues 9 and 86, and t)tocked fonmation of 
stable and immunoreactive CT-B. This confimns the 
obsenralions of Ludwig ef ah (1985) that reduction and 
cartwxymethylation of these cysteine residues destroys 
antigenicity of CT-B, and of Hardy ef a/. (1988), who 
showed that reduced LT-B monomers were rapidly 
degraded In vivo in E. coff. This may also explain why the 
cysteine replacements for Lys-34 or Arg-35 were pro- 
duced at low levels, since aberrant crosslintdng of Cys-34 
or Cys-35 to either Cys-9 or Cys-86 would cause a 
dramatic change in the structure of the mutant CT-B. 

Substitution of aspartate for gtycine at position 33 in 
LTp-laboltshesitsabilttytobindtoGI^I (Tsuji ef a/., 1985). 
This observation indicates that Asp^ Is Incompatibte 
with GM1 -binding ability but does not establish wtiether or 
not glycine Is essential. Our results with CT-6 showed that 
several amino adds can sutjstitute for Gty-33 without 
affecting GM1-bindir)g ability. We conclude, therefore, 
that Gly-33 is not required for binding of CT-B to GM1. 
Substitution of a negativety charged or large hydrophobic 
residue for Gly-33 eliminated binding to GM1. Com- 
parison of the effects of various substitutions enat>led us 
to assess (separately) the contributions of size, charge, 
and hydrophoblcity of the amino add side-chain at 
residue 33. Among the residues with hydrophobic side- 
chains, Ala-33 was wild-type in Its GM1 -binding pheno- 
type. but Val-33, Leu-33 and lle-33 caused progressh/ely 
decreasing GM1 -binding activity. Comparison of tiie 
Glu-33 and Gin-33 mutants showed the importance of the 
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negative charge of the cartx>xy) group in intertering with 
receptor binding. The positivety charged residues arglnine 
and tysine did not interfere wHh the GM1 -binding activity 
of the mutant CT-Bs In spite of the size and length of the 
side-chains. We conclude that size alone Is protwbly less 
important than negative charge or hydrophobicity in 
determining the effects of substitution for Gly-33 on 
GM1 -binding activity of CT-B. 

Sul>stltutions at position 88, unlike those at 33, led to 
mari^edly decreased levels of immunoreactive protein 
detected* No amino add substitution had a wild-type 
^ phenotype, and haft offfio suf«tit(itio*i mutante made no 
detectable CT-B. Replacement of Trp-88 with the hydro- 
phobic residue Isoleucine, leucine or valine, or the polar 
residue glutamine, resulted hi production of the largest 
amounts of immunoreactive CT-B. Other mutants pro- 
duced lower amounts of mutant protein or nor>e at all. For 
each amino acid substitution of Trp-88. a variable but 
reproducible proportion of the mutant protein was cap- 
able of being secreted and attaining an immunoreactive 
conformation. These mature mutant CT-Bs were as stable 
as wild-type CT-B (data not shown). The defect in produc- 
tion of these mutant CT-Bs could occur at any step in the 
pathway from gene to mature protein. Missense mutations 
are unlikely to have drastic effects on transcription or 
translation. The cytoplasmk; CT-B mutant precursor poly- 



peptide could be degraded prior to or during secretion 
across the inner membrane, or coukJ adopt a cor>- 
formatkxi incompatible with secretin (Randall and Hardy, 
1986: Maclntyr© and Henning. 1990). Alternatively, the 
mutant polypeptides could be more susceptible to pro- 
teolysis In the periplasm or less able to fold into the 
wild-type confonmation. The mutations appear to affect 
the proportion of monomers that complete these pro- 
cesses but do not seem to affect the stability of the 
immunoreactive mutant CT-B that is fonned. Similar 
effects of substitution for a tryptophan residue of aspar- 
tate aminotransferase were noted by Mattingly, Jr, and 
Martinez-Carrion (199Q). who showed gredtly reduced 
yields of mutant proteins when Trp-140 vwe substituted 
with Phe or Gly. Retention of a significant level of catalytic 
activity by the f'he-l 40 mutant enzyme suggested that the 
Importance of the Trp residue was mainly as a dtnictural 
element The low yield but near wikJ-type stability of the 
purified mutants also led to the suggestion of additional 
roles for the Trp residue in cffteient folding and assembly 
of the nascent enzyme In vivo. All of the Trp-88 mutant 
CT-Bs showed near wiW-type relative binding values for 
GM1, except for Lys-88 and Glu-88 mutants that did not 
bind to QM1 . We conclude that Trp-88 has an Important 
role In determining the tertiary or quaternary stnicture of 
CT-B. Although Trp-88 is not required for binding of GM1 



1 764 M. a Job/ing and R K. Holmes 



PiasmW Markw Repficon hromoter Genotype Soorco 



PlasmW 


Markor 


RepftCOO 




Genotype 


Source 


pKS- 


Ap 


ColEI 


tac 




Stratagene 


pKS* 


Ap 


Co(E1 


iac 




Stratagene 


M13mpl9 


- 


M13 


lac 




YanisctvPemon ef aL (1985) 


PACYC184 


CmTc 


pi 5a 


tet 




Chang and Cohen (1978) 


PRK4CM 


Tc 


IncP 


iac 




Dinaet a/. (1985) 


pVM25 


Cm 


p15a 


tet 


toxR' 


Miller and Mekalanos (1984) 


pCVD30 


Cm Ap 


ColEI 


ct 


ctxA-B* 


Kaperef a/, (1986) 


pCVD14 


Cm Ap 


ColEl 


d 


ctxA*B* 


Kaperef a/. (1986) 


PMGJ8 


Ap 


CdEl 


ct 


axB* 


This study 


pMGJ19 


Ap 


ColEl 


ct 


cue' 


This study 


pMGJII 


Ap 


ColEI 


iac. ct 


clXB* 


This study 


PMQJ14 


Cm 


pISa 


ct 


dxA* 


This study 


pMGJ40 


Tc 


IncP 


tet 


toxF" 


This study 



to CT-B, rts location in or near the actual receptor binding 
site is suggested by the effects of binding on tryptophan 
fluorescence (de Wolf et aL, 1 981), the results of chemical 
modification studies (Ludwig etaL, 1985), and the pheno- 
types of the Lys-88 and Glu-88 mutants reported here. 

All of the observed amino acid substitutions for Arg-35, 
except Cys-35, produced wild-type levels of knmuno- 
reactive CT-B. Most substitutions were compatible with 
receptor binding and binding to SRBCs by RPiHA. 
demonstrating that Afg-35 is rKit critically involved in 
binding to GM1. Negatively charged substitutions (Glu 
and Asp) did affect binding to SRBCs by RPIHA but not to 
purified QM1 t>y SPRIA. This si^ports tt)e conclusions of 
Lxjdwig ef aA (1 985) that modification of any single arginine 
residue, specifically Arg-35, did not affect receptor 
binding. Our data also eliminate any requirement for 
Lys-34 In the GM 1 binding activity of CT-B. One or more of 
tf)e remaining eight lysine residues could still be involved 
In binding of CT-B to GM1 , as proposed by ludwig ef aL 
(1985), 

Residues 33, 34, and 35 of mature CT-B are able to 
accommodate a wide variety of amino acid substitutions 
without significant effects on the level of CT-B produced 
or Its Immunofeacttvfty, implying that these residues are 
located in a region of the to)dn1fik)lecule that has few 
structurai^constralnts on the type' of side-chain present. 
This is In contrast with tfie adverse effects of most 
sut>stitutlons for Trp-88 on production of immunoreactlve 
CT-B. 

We noted that in vitro binding of mutant CT-Bs to GM1 
did not comelate with binding to SRBCs, These observa- 
tions suggest that the binding sites for CT-B on SRBCs 
tt)at mediate complement-mediated immune haemolysis 
are not GM1 , It Is known that CT and the related LTs will 
bind to receptors other than GM1 . although with redijced 
affinity (Fukuta etaL, 1988; Griffiths etaL, 1986). Because 
rat RBCs are known to be rich in GM1 and fucosyl-GMI 
Owamori ef a/.. 1983) and both can function as receptors 
for CT, we tested them as Indicator cells in the RPIHA. 



Results were identical to those obtained with SRBCs, in 
ttiat all Gly-33 mtitant extracts were unable to form a halo 
on either cell type. Iwamori et aL (1983) also detected a 
cryptic form of GM1 on ttie rat cell surface that failed to 
react witti^anti-GMI antitwdies, but CT was still able to 
bind to the rat erythrocytes Owamori ef a/., 1 985). It will t>e 
of Interest to determine the nature of the active receptor 
for CT-B on SRBCs that mediate immune haemolysis in 
our RPIHAs. 

Only two of the mutant CT-Bs tested (G!u-35 and 
Asp-35) were affected in terms of their ability to associate 
with CT-A to form immunoreactlve CT holotoxin. Mutants 
with negatively charged residues at posHk>n 35 formed 
small amourrts of unstable hokstoxin. This was not 
because , of instability of the mutant B subunit, which 
remained detectable over time in amounts comparat>le to 
wild-type CT-B. This finding suggests that residue 35 is 
kxxited In a region of the B subunit that interacts vwth the A 
subuntt tn hototoxin and also that negatively charged 
residues at position 35 interfere with hok3toxin assembly 
and stability. 

Substitution of Glyr33 with the positively charged 
residue arginine or lysine dkl not affect the formation of 
holotoxin txjt reduced the relative toxk:% of the mutant 
hok)toxtn. Decreased toxk^ity is rK3t Gkdyto be caused by 
deoreased receptor t>lndlng. since thesis mutant holotox- 
Ins containing Lys-33 or Arg-33 miitarrt CT*Bs bound as 
well as wild-type CT to purified GM1 on polystyrene 
immunoassay plates. It is possible that these mutants are 
defective In a step required for toxicity that occurs after 
binding to the cells, e.g. a conformational change In the 
bound holotoxin that is t>elieved to facilitate release of end 
penetration of ttie A subunit into and through the plasma 
memtxane (Surewicz et aL, 1990). 

All of the studies reported here were pefformed with 
crude extracts of mutant CT-Bs or mutant holotoxins In 
specific immunoassays or bioassays. The results provide 
important Information atxxrt the roles of Cys-9, Gly-33, 
Lys-34, Afg-35. Cys-86 and Trp-88 for the structure and 



function of CT-B. Future siuoies with selected purified 
mutant CT-Bs should provide additior\al information atxxit 
the mechanism of the GM1 binding, assembly of CT-B 
pentamer and CT holotoxin. and Interactions of CT with 
plasma membranes of specific target cells. Correlation of 
our observations with the three-dimensional structure of 
CT-B is also important but cannot be performed until the 
molecular stnjctural analysis of CT or LT has been 
accomplished at a higher level of resolution than is 
cunrently available (Tsuji et ai, 1989; Spangler and 
Westbrook. 1989; Ribi et a/.. 1988). 

Experimental procedures 

Bacterial strains and plasmids 

£ cofi strains TGI (f/i/, hsdDS, glnV44, A(/ao-prt^, F'trBD36, 
proAB, /ac/*', ^acZAM^5; Amersham Imemational PLQ or DH5a 
(endAI, hsdRIT, gtnV44, ttiil, nacAI. gyrA, reiAl, A(/acZVA- 
»pHUie9 *80dlac2AM15; BRL) were used as the hosts for the 
plasmids listed below, except for tt>e preparation of uracii-con- 
lalnlng single-stranded (ss) DNA when CJ236 {dut, ung, thi, reiA, 
pCJIOS, Cm"; BloRad) was used. Cloning vectors used are listed 
fnTabte4. 



DNA techniques and clone constnjctions 

Mini-prep plasrnid DNA was Isolated using an alkaline lysis 
method (Morelle, 1 989). Restrictkxi and other enzymes were used 
as described by the manufacturers, and digest wns were analysed 
on 0.8% agarose gels, PlasmkJ constnicts are listed in Table 4. 
Plasmid pMGJS consists of a 1.6kb Hpa\\^e\W fragment from 
pCV030 ctoned Into pKS" in the opposite orientation to the tec 
pronrKJter. PlasmW pMGJll consists of a 0.9kb ^IMVspa 
c&cS^ontainlng fragment from pCVD30 In pKS", under the 
control of the (ac promoter. Ptasmid pMGJ19 consists of the 
same fragment In pKS+ in the opposite orlentalkxi to the tec 
pronxjter. The ctxA-producing done pf4GJ14 was constructed 
by ckxilng a filled-ln 1.6kb AccI fragment from pCVD14 Into the 
fiUed-in BamHI site of pACYC184. The faxff-pfoducing ckxie 
PMGJ40 was constructed by doning a 1.6kb Hindlll-eamHI 
fragment from pVM25 Into pRK404. DNA was transfonned into 
cells made competent by the method of Hanahan (1983). 

OCtgondc^eotide^ire&Mmutager^ and DNA 
sequencing 

We determined the sequence of the ctxB gene of pCVD14, one of 
the two c£)r operons from the Classical btotype V. c/K>/!^ 
0395 (Jobling ef aA. 1991a) and showed K to differ at several 
posittons from the sequence f or the cOr operon from V. cholerae 
2125 (Mekalanos ef a/.. 1 983). aigonudeotWes were designed on 
tfie basis of our sequence; the DNA sequence coded for a protein 
with a predk:ted amino add sequerKe Wentteal to the mature 
CT-B peptide from V. cholerae 669B (Lai, 1977), as corrected by 
assigning aspartate Instead of asparagine to amino adds 22 and 
70 (Takao et at., 1985). Oligonucleotkles were made with an 
Applied Biosystems DNA synthesizer or purchased frorp GDI. 
Mutagenesis was performed as descrit>ed In the BtoRad Muta- 
Gene Manual but using primer to template ratios of 5:1 and an 
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annealing temperaw. /of IS'C (Goff of a/.. 1987). Uracil-contain- 
Ing ssDNA template was prepared, from CJ236(pMGJ19) using 
helper phage M13K07 (Phannada-LKB) or R408 (Russei et el., 
1986). The products of ongonudeotlde-primed DNA synthesis 
reactions were transfonned Into E coli duf^, ung"" strain 
TG1(pVM25), and chloramphenicol- and ampiciinn-fBsistant 
(Cm", Apf*) transfomwnts were selected. Mutant colonies were 
detected by differential hytxkJizatkxi In colony blots using (^PJ-5' 
end-labelied wild-typo digonucleolide as prot>e {Amersham 
Mutagenesis Manual, Amersham International PLC). Dideoxy 
DNA sequencing was done using ct>^:specifk: primers and 77 
DNA polymerase (Sequenase. USB) and reactions were analysed 
on buffer gradient 6 or 8% pofyaciylamlde-urea gels (Sheen and 
Seed. 1988). 

Assays for CT-B and CT 

Transformants were screened for production of CT-B by observ- 
ing whether haloes were fornied k\ a radial passive immune 
haemolysis assay (RPIHA, Bramucd and Holmes. 1978) using a 
sheep erythrocyte overfay on LA plates (Rg. 2). In addition, 
extracts were prepared from 30- to 50-fold concentrated suspen- 
^9I[}BM ^^^py treatment with polymyxin B (Rnkeistein and 
Yang. 1983) or ty sonication of lO-foW concentrated bacterial ^ 
cultures. Quantifteatioo of Immunoreactive CT-B was achieved 
using a ntKXlified sandwich solid-phase radioimmunoassay (S- 
SPRIA; Bramucd et al., 1981) and GM1 -solid-phase radio- 
immunoassay (GM1-SPRIA; Holmes and Twiddy. 1983). The 
published method for S-SPRIA was modified by substituting 
purified anti-CT IgG from goat semm for affinfty-purified equine 
semm. and using monospecific rabbK anti-CT-B as the second 
antibody. CT holotoxin was quantified using a monoclonal 
anti-CT-A antibody (21 B1 1; Holmes and Twiddy, 1983) to detect 
antigen bound to GM1 or goat-anti-CT-coated plates, and txxjnd 
nwnodonal antibody %vas detected by sequential incutwtion with 
rabbit anti-mouse IgG and p^l)-labeHed goat anti-ratobit IgG. 
Biological activity was detennined by assessing rounding of 
mouse Y1 adrenal ceH monolayers after exposure to toxin 
(Manevalefa/.. 1980). 

Protein labelling 

Plasmid gene products were specifically labelled in vivo with 
P^J-rnethionine using the Inductote T7 Rl^ polymerase system, 
One-millilftTB cultures wem grown and treated as descrit>ed 
(Tabor and rachcwlson, 1985) and labelled wm^ lOjiCI of P«S1- 
methlonlne for 60 min. The ceils were pdletted h a microf^ - 
resuspended In 1/10th volume of lOmM Tris (pH 8) containing 
2mg ml- ^ polymyxin B for 10 min at 37*C. and then pelletted. The 
supernatant (perlpjasmlc extract) was mixed with an equal 
volume of 2x senile buffer without p-mercaptoethano(. the cefl 
peBet was boiled in sample buffer with p^mercaptoettiand, and 
both were analysed by PAGE using 16%T-3%C discontinuous 
tricine-buffered SOS-PAGs (Schagger and Jagow. 1 987). The gel 
was fixed, Infiltrated with fkxx (Jen and Thatch, 1982), and dried. 
Autoradlograms were made with Intensifying screens using 
Kodai< X-Omat AR film exposed at -rO'C. 

Media and chemicals 

2YX broth (Bankier and Banel. 1983) and plates (Miller, 1972) 
were used tor routine bacterial cuKures at 3rC. Antibiotics were 
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added where required, a. ;following coocentrntions: amplciHin 
SOm^ mt ; chlommphenlcol. 25fio ml"'; tetracycline. lOjig 
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